(12) INTERNATIONA L.APFiJCATlON PUBLiSH ED UNDER THE PATENT COOPERATION TR£AT¥ (POT) 



i t 9) Worjd 1 afcfcltecfeal Property prgaffsfe^tioit 

Irueroatkina! Bureau 

(43) Isvtemsi^onal PubUcgtioa Date 
14 NovesBber Mm (i4Jl^CH)2> 




illlillllllilll 



■II 



FCT 



{ 1 0) 1 (item a £ lo I Pis bli cats *>n m ber 

WO 02/1)91028 A2 



(5J) $mesimk>ssaS Patetai Cteitotio.^* C02B 

(21) littemac^S Application Namben PCT/IIS02/ 14233 

(22) i«t*r»3t$o«aI Fi8i«g .0ste:: 3 May 2002 ((Bi&2002) 
(IS) Fiii«g L^Rgaagej English 
(2&i Pa&iseatiOf* LSttgsisge; English 

(30) Priority Datm 

60^88346 .3 May 2001 (03.05.2001) US 

60/289,304 8 May 2001 (08 05,20D1) US 

(7J) A^Iicsai; COLORADO SCHOOL OF MINES 

ri>S/tJS}; 1500 Illinois. Street, Goklefj, CO 8040] (US). 

(72) l^atttrs:. MARK* j>m?k&* W, fcL: MowstsW 
Drive, Goj<fei t CO 81)403 (US), CONG, keying; 1600 
SS West Campus Road. #44, Golden, GO g(M01 (US), 
Sg OAKEV* 3oi*?K 1006 VMh Streei,. Gtfkien, CO 80401 
sggg (US), TERRAS A lexa n<3ejv V,; 1 6 IS;} Wes t t?Jh Avenue, 
Goicten, CO S04CM (ITS). 

||j (74) Agcitt! KULISH, Cfenstoph^; X.; HoiIafKi & Hart LLR 
Ml, Box mm Dehvet, CO S749 (US). 



(SI) E&$ig«stM States tti&mtilk Ali, AG. AL> AM* AT, AU t 
AZ 4 BA, EB\ BG, BR, BZ. CA, Cli CR OCX CR, GU> 

cx DiiDK, ;qm,'&& Be-, Be, es v b, gb,od, ge, gm, 

QM f HR, FRJ IS, IF* KB. KG, KP V KR, KZ;LC, 

UCLR. -LS, Lt, LU, L\VMA t MI) } MO, MK. MN, MW, 
MX; MZ> NCX NZ OM, PH, PL, PX, RO, ktj; SIX SB. S<X 
SL SK, SL V TJ 5 TM, m m TTVT£i UA, VG, IJZ, VN-, 
YTJ r ZA, ZW. 

(£4) Designated States (regional}: ARIFO patent (GH. GM, 
KE, LS* MW ( MZ; SIX St, SZ, TZ> UG, ZM, EW) ; 
HBx^aii : paf«nt (AM, AZ. BY; KG, KZ, MIX EU, XL TM>, 
European patent (AT,: BE, CM, CY, DE, PIL BS, H/ififc, 
GE, GR, m IX LU; MG, NL, FT, SE/TRX OAF*. patent 
[Bll Bl CE CO X% CM, GA, GR GQ y OW, ML, MR, 

Publish: 

without, international search report and to be republished 
vpm re ceipt of that t sport 

for mo-letter codes and other a&brgwatiom, refer to ike "Guid- 
ance Notes on Codes andAbbrevimwrn™ qppe&ritig m ih» begm* 
nmg of each regular. $$$m of the PCT Gazette 



(54} TltHi DEVICES EMPLOYING COO^IiMI. :Si^l> PARI1CIBS 



< 



p 







IP \ 




J 




SOA 



S4A 



54B 



(57) .Abstract; The pres&ni jnvmtldn 
reiais$ to the coHoidal partkles 

lo reaixse photonic arid mlcroiloklic 
devices. In padicalar embodiraenfs, 
colloidal parncles m.? : med to realize 
microStiidic a mo way v^lve> Ehjee-w^y 
y&E'w, check valve, 0uree^f3mepsio!iai 
valve, peristalsis ptimp t mtexy pump, 
vane paitsp, ai^d iwo-lobe gear pctrnp. 
In certain mtbbdirneiits, act-nation of an 
active element in the microfl^idic s'rnetare 
h ac^Oitiplished by electfophoresj^ the 
use of an optical trap or ^tweewg:-* or 
the application of an electric field or 
magnetic ire id. In other embodiments, the 
application of an eJecrrica^ Oeld tcr eolloidii? 

particles tlJat are. &«^s$a«t*aJfy consmdned to two dtraen-slonsj moverrsent is tised ro rsajj^ wave guides, fillers and switches for 
cspti&tj signals. 
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The present application is a c<>sitto no. 
60/288,346, filed on May 3, 2001, m& provisional patmt a|>plicatioB serial no, 60/289,504 
filed on May 8, 2001, both of which are incorporated herein in their entireties, fey refers 

FIELD OF THE MVENTION 
The present invention is directed to fee rsse of coiloidal-size particles to realise 
iiiicrofluldic and photonic deviees. 

BAGKGROtMD OF THE MVENTION 

The ^lafo-oB-ar-eMp" concept, in which three- dimensional irucmfafoiicatio^ tecimiq^es 
; ; borrowed &am the integrated circuit industry are employed to create eieGtrieal circuits that 
interface or biological systems iu^o^ substrates, has gained 

sigoifieani research interest in recent years, and has been heralded as the next silicon 
resolution. The drastic reduction m length scales from conventional techniques to 
microalectrieal-mech systems (MEMS) will allow tasks to be performed more rapidly, 
efficiently* and on smaller sample wfomes systems fabricated to 

exploit this mierosede fluid motility possess great promise to significantly streamline 
processes for firndainental research and medical applications in areas such as bioanalysis s 
medical diagnostics and therapeutics. Such developments will enable a large-scaie shift from 
centralized laboratories to remote poiM-o^eam ami beiichtop diagnostic facilities. 

Initially, single devices such as pimps, valves, mixers, filters, and sensors have been 
developed to perform mdivKteai tasks on Mcrofimdic samples. Seamlessly integrating; 
individual devices capable of single operations will filially bring to fhiition fba promise of 
micro total analysis systems (jiTAS) as portable laboratories, chemical production ikeiliiies, 
remediation mats, health monitors and countless other applications whieb would benefit &am 
mmMxn^mkm* In-order .to constraot swh devices, however, a common platform umst be 
developed wMch allows for complete control of feeterog^neoits or complex Hinds as well as 
specifically targeted sensing and feedback actuation. 

Generally, the utiHty, speed and performance of microfiuidie chips increases as the 
overall device size decreases, paxticalarly for devices that are iiltim^tely designed for hiroaao 
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implmUtion. The Heed, to mix* administer a&d separate fluids at these length scales has long 
been a limiting factor m such devices. Specifically, the ultimate size of microftudio devices 
has been restricted by the size of the actuator, which can be classified as either those 
Biiotomachixied specifically fhr mie^ofiuxdic application or conyentiorial actuators that have 
been mlniatoxi^ed for integration with nnerofhiidic devices. Examples of the later include 
electroBiagpetic pMiigers comiected to pneumatic systems, miniatare pie^electries and 
memory alloys, Bmih actuators function welL but mmt be affixed to the ffiieroflMdie chip as 
additional hardware with epexy resin. Actuators that may be microKiachmsci, such as 
electrostatic, theimopneomaiic, electromagnetic m& bimetallic; actuators consume 
significantly less space than conventional actuators but often require difficult etching 
procedures. %. 

MicrofliiidiG flow controllers, such as cMp-4op valves and psnips, have also 
historically been plagued by size limitations ixnposed by aetnatcrs. The first microval^e 
consisted of a silicon seat with a nickel diaphragm actuated by a solenoid plunger and 
measured approximately 3 mm, Subsequently* as piezoelectric stacks, electronia^ietiG alloys 
arid thermopxiemaatlcs became fastuonahle, micxovalves and reciprocating niictopuiX)|3s 
became smaller, but continue to dwarf the scale of imc^ocharmels aBd other chip-top features. 
More recently, e!eetroosmbsis s which requires no moving parts and overcoxiies some of these 
limitations, has expeneneed success- as a viable means of micmfluidic flow generation and 
control. This technique is quite efficient at transporting and separating ionic liquids and 
relies upon the principle of electrophoresis, the rnigratiori o f ions in an electric fiel d, and the 
resulting osmotic pmssxire gmdieat to induce the flow of bulk fluids. 

While some current mieroftnid handling devices and techniques enable functional 
devices at niicioscales, they may also impose significant constraints upon potential device 
capability, 0exiMHty and perfonnance. For instancy eiectxoosnioticaily %iven Sow requires 
complex circuitry, a Mgh-voitage power supply and is dependent upon the ionic properties of 
the solution and has the potential to separate components of the sohition from the bullc 
WMle molecular separation by electrophoresis has been exploited for particular applications 
such as nucleic acid sequencing and the devetopment of protein targeted dicmotherapy ? the 
complications discussed here are generally considered obstacles to fiTAS intended for 
applications with heterogeneGiis fimidb such as blood or urine, Aadition^ly^ the scale of flow 
controllers, such as pimps and valves, has not kept pace with the xnkiiaturizatioB of flow 
channels themselves, thus linutmg the ultimate size at which practical devices may be 
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created. Recent ©Sorts have made strides to overcome the iSytations of tn^itlanal 'mtm^k 
■and tmhniqiws; for example,, a first-generation pimping m&. valying .system, fabricated 
completely firm elastoineric materials allows for in situ -fluids, control on length scales below 
100 pm. While tlm and conceptually elegant, the pneximatie actuation scheme 

still hinders the uMmat© utility of these devices thrasigh the need for iriterfacmg to e&terial 
equipment To completely integrate fliiidiG processes upon a single ehip ? the current 
paradigms of mkroflmds Mndliiag miist be abandoned in favor of milts that are of equivalent 
size to fee process into which they are being imbedded. An attaint to achieve these ends has 
been made us^^ fabricated directly wxihhi Microfhddie networks 

(jxFMs), These stractures, while orily tens of microns m size and very efficient at measuring 
and responding to specific mvironmental conditions, such m pB and teBiperature,. are qmi& 
limited iti their sensing c&paMiities and ability to produce a broad range of feedback options. 
Additionally, these statutes- ha^e .dernonstmted only the ability to regnMe tlow 5 not initiate 
it Integrating simultaneous miproscale fluid pumping and valving completely on the 
mioxoscaSe is akey ooinponent to the development of AS. 

Microscale: devices designed to accomj>IMi; specific tasks have repeatedly 
demonstrated superiority over tfeir maeroseab eases have proven 

capable of performing functions not possible oil the macroseale. The advantages of sneh 
devices are due largely to uniqne transport properties resulting from low Reynolds number 
flows (Me < 1) and vastly increased snrface to vohnne ratios. Additionally, .niicroSmdic 
processes may he easily parallelized for high tbronghput and require vastly smaller sample 
volumes; a significant benefit for applications in which reagents or analytes are either 
hazardous or at a preminm, In general, the utility, speed and performance o f microsystems 
increase as the overall device mm decreases. The need to mix, pmnp, and direct ftaids at very 
small length scales, however, has long been the limiting factor m the development of 
. microscale : systems, . thus : generatmg. a tremendous axnoimt of interest in the burgeoning field 
of mieroSuidics, As improved actuation techBiqnes have become available, eoBventional 
valving and pnmping schemes have been miniatiirized yet continue to dwarf mierochannels 
and other chip-top features. Recently^ several approaches conceived explicitly for the 
microscale have been developed inciiidiiig platforms based upon efectrohydrodynainies, 
electroosmosis, intsrfeeM phenomena, conjugated materials, magnetic materials and 
innltilayer soft hthogra^hy. While these mierofiind handling techniques enable functional 
devices on microscopic length scales, they also impose omique constraints upon potential 
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device capability^ flexibility m& perfomianee. To fully Inlegrate i^ltipfe'liydic processes 
within a single microsystem, niethods for miorofimd handling must be developed which ate 
accommodating to fluids of complex and dynamic composition and are of comparable size to 
the processes into which they are being imbedded. By reducing the size of these physical 
units, large device arrays can be fabricated on the same ^hip top" and will be capable of 
accomplishiiig chemical and biochemical tasks and analyses of vastly increased complexity 
on samples of microscopic quantity. 

Development of devices that can ftectim at these lengfe scales has centered around 
complex imbrication schemes for intricate components such as gears, casitileyers sud other 
liiieroscale objects The fabrication and actuation of these devices, however, has beai Hrnited 
to bulk eswironrneots external to. microfkddic geometries. Because no practical 
iinplementation scheme has been developed for their incorporation into fmxctiomng 
iiiicr^ftuidie systems, they have not realized their suggested potential as inicroiluidic pumps 
and val ves . 

Colloidal Photonics 

The controlled assembly of colloidal particles has received significant attention in 
recent years because of the potential application of nano- and iBicro-stnietared materials in 
many fields. Ordered colloidal systems have lattice spaomgs ranging ffcom naoomefers to 
microns and therefore can diffract ultraviolet, visible* and near4ixixared light One can take 
advantage of this property for a Variety of applications, inching ^ Barrow-band 
option filters, optical switches, photonic baad gap materiais, waveguides^ and other types of 
optical and electroopiieal devices. Photonic crystals, spatially periodic arrays m a niedinm of 
dlfeent dielectric constant, arc of particular interest and are designed to affect the 
propagation of electromagnetic waves in much the same way that seraieondnctors influence 
the niowment of electrons. First proposed in 19&7, they conk! lead to the miniatari^ation and 
high-speed performance of integrated circuits and have profbimd applications for 
tebconmiimicatioi^, lasers, fiber optics, data processing and display technologies:, as 
discussed in the Basic Energy Sciences report s ^Jaiioscale Science Engineering and 
Technology Research Directions' 9 . .photonic-crystal structures have immense potential 
a large variety of optoelectronics devices** lh addition, this report, points; out. the length 
scales required for manipulation of visible light; '"To create photonic crystals operating at 
optical wavelengths the smallest feature sizes miisi he of the order of l OOmn, clearly in the 
realm of sanotechnology^ 
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To date, the primary difficulty in tlie ma of colteidaj systems for such applications 
has been the fabrication of large arrays of colloidal particles into specific lattices with 
specific defect sfmctures and tailored opfca! properties. Ordering in these systems is 
theirnodynamioaUy driven by colloidal interactions that may be predominantly attractive or 
repulsive, interaction ..that can often be readily toed. For example, m a : coIIoiM disporsion, 
repulsions can be modified by changing solution ionic strength ami attractions can be 
influenced by solvent index matching or by varying salt ecmcentration, However, 
development of technologically relevant colloidal crystals is Mudered by the difficulty in 
Wicoapling the variation of coEoid-coMoid interactions Sctm. the lattice structures that do 
form. Often for a specific application one wishes to manipulate colloidal surface cbeniistry, 
interveamg Biiid^ or fee specific colloidal material, ail of ^wMich mflueirce the nature of the 
crystaffization process and may inhibit the ferniaticm of a particular A means 

of ordering colloidal particles that does not rely upon surface or particle chemistry will 
greatly aid the use of colloidal crystalliEatiori for technological applications. For this reason, 
the approach has been to aid and control the ordering of colloidal systems using applied 
external fields, 

SDMMA&y OP THE INVENTION 
The present^ provides a device in which colMdal-sixe particles are utilized 
in a siracture that is used, to manipulate mierofbidie streams or flows, including streams or 
flows in which particles are dispersed, Ocnorally, a mic^ofiuidie device that ufilfees 
colloidal-siEc particles comprises an iuput structure for recewiag a miemfimdic flow or 
stream, an. output structure for transmittrng a microfuidic strewn, a space between the input 
and output siractures, a colloidal structoe located in the space, and a device for applying a 
field to the colloidal structure that causes the colloidal structure to move and thereby 
manipulate a microfloidic flow between the input and output structures. Among the possible 
fields thai can be applied is an electrical field thai has a component that is parallel to the 
direction in which mi electrically charged colloidal structure is to move. Movement of the 
colloidal stmcture in Mm case is accoinplisl^.% efectrophorcas. Another possible field is 
an electrical field that has a eompon&ot that is normal to a plane in which two or more 
colloidal particles are substantially confined to two-dimmsional movement. The electric 
field induces a dipoie-dipole repuHve force between: the colloidal particles. A finther 
possible ■• field is -a magnetic field that has a component that is parallel to t&e direction in 
which a colloidal particle with a magnetic dipole is to move. Yet another possible field is an 
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atectrbmagriefic field. One technique for applying an electromagaetic fieid to a colloidal 
structure is known as; an optical trap became ligbt is used to hold a colloidal particle at a 
desired location or move a eolloidai particle to a desired location, Among the optical tr&p 
techniques are optical ,? twe^efS: ,r am1 the scanning laser optical trap (SLOT) technique, 

& one embodiment, a microfimdie two-way vafee is provided in which tie flow of a 
microftaidic steam between an inlet port and an outlet port is controlled by moving a 
colloidal, particle between a position that blocks the, flow and a position that percnits the flow 
to occur. In one efebodinien^ two other colloidal particles that are fixed in place and m 
electrode steuct^ire for producing m. electrical field with a normal . component, are utilised to 
mo¥e the colloidal particle to the desired position, mmg dipoie-dipole repulsion. In other 
embodiments, electrophoresis, magnetic fields and optical trapping -are.: ntilized to position a 
colloidal particle to control the flow between input and ontpnt ports. Valves toing only one 
input port and multiple outpirt ports, multiple input ports and a single outpnt port, and 
mnMple input and ontpm ports are also feasible. 

in another embodiment, a mlcmfSnidic pnnip is provided, that is capable of pntnpxng a 
microflnidic flow between the input and output stmctisres. In one embodiment, a 
. imcroflriMic: peristalsis pirop is provided that includes a closed loop that is disposed in the 
space between the inpiii and output structures with a portion of the loop placed, along a line 
between the Inlet and outlet straetures. The positions of a plurality of colloidal particles 
located m ibe closed In one eishodirnet^ 

one colloidal particle is moved fom a point adjacent to the input structure to a point adj acent 
to the output structure along ike noted portion of fee loop to pump a portion of the 
microfliiicife flow received at the input structure to the output structure. While this is 
oceurrfeg, two other colloidal particles are used to blocfc any of fee flow from entering tfe 
other portion of the closed loop , Once th e first ooiloidal particle has completed the pump, the 
particles are rotated within the loop to pump the nmi portion of the microlluidic flow 
received at the input structure* Any of the various fields can be applied to. position and move 
fee colloidal particles. In another embodiment, a microfiuidie peristalsis pump is provided in 
which colloidal partioies are positioned in a string and the position of the coHoidal particles in 
the string is manipulated over time so that the string goes through a sinusoidal type of motion 
feat pumps a iBicfoEuidic flow. Another embodiment of a microfluidio pump that utilises; 
colloidal particles inchides a rotating hnh 3 an hub, and a colloidal 

particle attached to the arm. Any of the noted fields are applied to move the arm and thereby 
achieve pumping action. In yet a further anbodiment, two pairs of colloidal particles are 
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mmipuUm to realize a two-lobe gear pnmp. More ^piciically, one pair of coloiHa 
particles is . rotated in a clockwise direction and the other pair of particles is rotated in a 
countet-ciacfcwise direction to achieve the pumpmg action between the input and output 
simetmm. 

The present invention further provides a photonic device that : utilizes colloidal 
particles to manipulate light Generally, the phc^onic device comprises a stuicture for strictly 
confining a plurality of colloidal particies to two dimeasionai movement. Typically, the 
structure is a pair of parallel plates and the oolloidal particles are spherical, In such an 
embodimmt, the plates are separated from one another by less than twice the diameter of the 
smallest diameter colloidal particle disposed between the plates, thereby substantially 
inhibiting fee establishment of ihree-diiiiensiQnal colloidal structures and substantially 
limiting xnovement of the colloidal particles to two-dimen&iQiiai movement {i.e., strictly 
constrained movement). The photonic devico fiHther comprises a structure ior applying 
electric field that has a component that is normal to the pirns mv^Mck^m colloidal partictes 
arc confined. Hie application of such an electrical field to strictly constrained colloidal 
particles causes the colloidal particles to repel one another and thereby establish an order or 
crystalline stracture among themselves, The photonic device forther comprises a structure 
for directing light into the space occupied by the colloidal paiticles. 

In one eoihodinieni, a photonic waveguide is provided tkat allows light to be directed 
along a path through the colloidal particles. The photonic waveguide comprises the 
previously BOted elements of a photonic device md a device for defining the path, along 
which light is to propagate when fee colloidal particles axe in m ordered state. M one 
ernbodiineai, a wall is established between the plates that prevents coloidal particles ftoxn 
being located in the space between the plates feat is occupied by the wall In another 
embodiment, the pafli is defmed by m optical trap. The use of an optical, trap allows the path 
along which light is to propagate to be changed over time. In another embodiment a second 
electrical field that has a greater magnitude is used to define the path. Regardless of the 
structure used to establish the path, when no electrical iield is befeg applied to the colloidal 
particles, the colloidal particles are m m xmm<k£s& state that causes any light directed into 
the space occupied by the colloidal particles to be scattered However, when m electrical 
field is applied to the colloidal particles, the colloidal particles enter an ordered state md light 
directed into fee defined path propagates along the path. 

In another embodiment, a photonic filter or switch is provided that utilises the 
dif&actioa property of ordered colloidal particles, In am mrAyodhmnt^ the photonic filter or 
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switch comprises the prevlorisly noted elements of a photonic device aEd a pair of polarizers 
that are .ero^sed illative to one axiDth polarizer associated with each plate. When 

no electrical field is being applied to the colloidal particles, the unordered .state of the 
colloidal particles prevents white light fe>m passing through the crossed polarizers. 
However, wheii m ,ebc^icai field is. . applied to the colloidal particles to place the particles in 
an ordered state $ certain frequencies of white Hght are depolarised md capable of passing 
through both polarizers. By stacking such structures, different colors or changes in intensities 
are achieved. In another embodinieut, the cross polarizers are ehixxmated, fit this 
embodhneat, when no electrical field is feeing applied to the colloidal policies, white light 
passes through both plates. However, when an electrical field is applied to the colloidal 
particles^ white light directed to oB.e of the plates is diffracted by the ordered colloidal 
particles such thai an observers appropriately positioned relatively to the other plate will 
observe certain frequencies of white Kght, h$*> certain colors. This embodiment is also 
capable of being used to selectively reflect light. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 illustrate a structure for eonriuiug colloidal particles and applying a transverse 
electric field to the confined particles so as to induce dipole-dipole repuMoiis between 
particles; 

Figs. 2A-2D illustrate the decrease in colloidal ordering of particles in a coiiSnmg 
geometry as the electric field is decreased; 

Figs. 3 A and 3B illustrate two structures for confining eolloidal particles and applying 
a transverse electrical field to the particles so as to induce dipole-dipole repulsions:; 

Figs, 4A-4B illustrate an enibodirneBt of a microfimdic pn/oS' or two-way valve that 
is actuated, using an electrical field that creates a repulsive force between colloid particles that 
are part of the valve; 

Figs. 5A-5B illustrate an embodiment of a mierofhiidic three-way valve that is 
actuated using an electrical field that creates a repulsive feree between colloidal particles that 
are part of the valve; 

Big, 6 illustrates an embodiment of a imerofMdfc three-way valve that uses 
electrophoresis to translate m. electrically charged colloidal particle that is part of the valve; 

Fig, 7 illustrates an einbodtoeiit of a micro&iidic ferce-dimaasioiiaX valve in which 
an iuiet structure is located iu a first plane, an output structure that is located in a second 
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plane, and a fkud communkalioii between fee 'jafet aad oSt!a| kmciures tiat m opeHeSTor 
closet by the selective positioBiiig of a colloidal particle; 

Fig. 8 illustrates a fet embodimexit of a microfluidie peristalsis pimp that employs 
colloidal particles whose positions within a closed loop are mampulated by a HGn-invasive 
actuation tecl ijiiqiie; 

£% 9 -illustrates an mmbodimmt of a inicroihxidic rotary punip that employs colloidal 
particles; 

Fig. 10 illusteates an emho<iim£3it of a irucrofluidic vane pump that employs colloidal 
particles; 

Eig, 11 illustrates an embodiment of a rBicroflmdie mixer that employs colloidal 
particles; 

Figs. I2A-12D iltastmte various patterns of colloidal particles that are established 
using a sean&mg kset optical trap (SLOT) t^cbmqiie; 

Fig, 13 illustrates a microprototypiBg technique in which colloidal particles are 
positioned using a SLOT technique and fixed in relative position to one another by 
polymerization; 

Fig. 14 illustrates an emfcodimerit of a inicrbfluidic iwo^obe gear pimip &at employs 
colloidal particles; 

Fig. 15 illustrates the operation of the microflmdic two-lobe gear pump shown in 
Fig. 14 in 30° increments; 

Fig, 16 is a graph showing &e MatiomMp of the velocity of a tracer particle m a 
jxdcrofluidiG flow that is displaced by the pump shown in Pig, 14; 

Fig. 174 illustrates a second embodimmt of a microftoidie peristalsis pump that 
employ a string of colloidai particles that are manipiiiated usmg a non-iBvasive actuation 
techidque so as to move the particles in a siaiisoidal manner; 

Fig. 17B iaarementaily illustrates a complete cycle of the colloidal pump structure 
shown in Fig. 17 A; 

Fip. 18(1-12) illustrate m embodiment of a miorofluidic passive check valve m 
which the valve is comprised of colloidal particles md the operation thereof within a BxM 
stream that changes directions; 

Figs. .19(1-12). illustrates m m^o&m^ of a microfhiiaic flapper valve in which fee * 
valve is composed of colloidal particles arid fee position of the flapper valve is controlled by 
a non-invasive actuation technique; 
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Figs. 20A-20C illustrates that ceUoidal particles. . ar& ' c£|Tape : ""of beiixg ''stm^giy 
attracted to one another or strongly repelled from one another using electrical fields; 

Figs. 21A~21'D iiMstratas the ability to selectively position colloidal particles using a 
scanning laser optical trap (SLOT) technique; 

Figs, 22A-22B respectively illustrate the selective positioning of colloidal particles 
using a SLOT technique and fee locking of. the colloidal particles in place using 
polymerization; 

Figs. 23A-23C illustrates the increase in the attraction of colloidal particles to one 
another with an increasing electrical field; 

Fig. 24A illustrates a structure for confining colloidal particles m which 
electrDasmotieaily induced attract ons between the particles predominates; 

Fig. 24B illustrates a ^mature far confming colloidal particles in which induced 
dipole-dipole repulsion between the paiiides predooiinates; 

Figs. 2SA-25D illustrate iM <nfiference in colloidal stmctnres achieved by the 
application of a normal electric field when the con&nng: structure varies, from a . ^xucttire that 
permits three-dimensioiial inovetEeM of the particles to a confining structure that permits 
substantially only two-dimensioxial movement of the particles (i.e.. a strictly confining 
stracture); 

Figs 2SA-26D illustrate the different phases of colloidal erystallizMon in a strictly 

confining stractixre as the applied electrical field is decreased; 

Fig, 27 is a graph that: illustrates the variation of electrical field strength required to 

induce ordering with colloid mzG and density- 
Figs. 28A-58I3 illustrate the decay in colloidal ordering in a dense, strictly confined 

system as the applied electric field is decreased; 

Figs. 29A-29© illustrate the radial disfeibutioB functional for the images in Figs. 2SA- 

2SI>; 

Figs. 3 0A-30C illustrate diffraction patterns observed with no electric field being 
applied to a colloids within a strictly confining structure^ with an electrical field being applied 
for only a relatively short araonnt of time to the structure; and with m electrical field that h as 
been applied to the structure; 

FigJlA illustrates om embodiment of a stmeture for producing dipole-dipole 
repulsions between colloidal particles thai employs a strictly confining strac^e; 

Fig. SIB illustrate another embodiment of a strnctore for producing dlpole-dipole 
repulsions between colloidEl particles that employs a strictly confining straeture; 
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Bigs. 32A-32C respeoively iltetmte the maimer in which a photonic device in which 
colloidal particles are strictly confined is utilized to satisfying the photonic band gap 
condition and thereby realize a photoiiic waveginde; 

Fig. 33 ilkisirates the triangular lattice colfoiM stmete shown in Figs, 26 and 28; 

Figs, 34A-34B respectively illnstete the TM and TE gaps, for the triaBgular lattice of 
Ti02 in m as rfa, is varied; 

Figs, 35A-35B respeefw^^ gap maps for a tiiaEgular lattice 

of Ti02 in air 

Fig. 36 is a combined map of the maps in Figs, 35A and 35B; 
Figs. 37 A-37C illugtxats various honeycomb lattices; 

Figs. 38A-38C respectively illustrates a photonic switch/filter that utilises crossed 
polarizers, p&otonie switch/filter thai diffracts light, and a photonic filter/switch that: refects 
light; 

Figs. 39A-39B xe^pectrvely ill^trate a photoresist a silicon master and a PDMS 
replica cGnstracted using rapid prototyping; 

Figs. 40A-4QC respectively illustrate a bottom slide of a confinement cell in, an 
embodiment of a photonic w^eguide; a top slide ibr the ceil with a patterned waveguide aad 
a JRDMS Quid control network, and an assembled cell; 

Figs, 41A-41B are cross-sectional views of a photonic wayegaide of the type show in 
Fig. 40€ ? a wall respectfully extends feom the top slide to the bottom slide and extends ftem 
the top slide towards the bottom slide; and 

Fig. 42 illustrates another oisbodiioent of a check valve. 

DETAILED EESCMPXION 
Described is. the appKcation of colloidal maiiipitlatioii tedirnqnes using fields for the 
purpose of fluid control on the microscale. Colloidal particles, a generic term describing 
micron and snbmieron sized bits of solid matter suspended in a fluid medium, can respond to 
the applieatioB of external fields. Charged colloidal particles will migrate in an electric field 
dne to the aleetrophoretic body force exerted by the field, SiMilariy, magnetizable particles 
can be translated or aligned with magnetic fields. Additionally, a xnonodisperse mspmskm 
of colloidal particles confined between two plates separated by roughly a single particle 
diameter will repulsivaly order in the presence of an electric field applied pei^endicidarly to 
the confining plane, Fiirth^mor^ colloidal particles can be trapped and manipi*!aied 
Individually wife footed laser beams; a technique commonly referred io as "optical 

-11- 



WO 



trapping 0 or "optical tweeong^ These four methods of colMdai paftcle nmiiipulitiaH are 
used to direct the control of fluids within microseale fluids handling devices. 



would rmfe thdr integratioii ioto jiTAS desirable. For exanrple. iniGrosphsreg cai) bo easily 
synfiiesized to tailor their size and morphology. Chemical moieties may also be attached to 
colloidal surfaces with relative ease, alldwiiig for the timing of surface charge or to mako 
them chemically reaotiw with. ^ target specie, Eve& kidividiial whole cells may be targeted 
with aiitifeody-fimotioiiahzed colloids. Indeed, mkrospheres have begun to appear in 
xmeroarL&l^^ beds, proton digestion beds, vehicles for reagent 

delivery, and iirimmK>assays. 

Colloidal microspheres also posses m additional property that mafees their mtegratioB 
into ease with which they can be manipulated by Boti-eoiitaot S: non- 
invasive techniques that take advantage of the application of external .fields. Traditionally, 
the inevitable interface to the macroscopic world has been the limiting factor in the 
development, of smaller microsystems* However, discussed lierdnbelow are xnieroSmdic 
devices in which the tramlatian of eoE^^ fields allows for the 

precise manipulation of fluids within microfhiidic channels with no external contact. 

As previously: discussed, charged colloids experience an ©lecfeophoretic force in the 
presence of an electric field; them it is possible to use electric potential as a means to 
position microspheres m desired ami subs^iimtiy regulate- flow in tnicrofloidic systems. 
Similarly, niagnetizable particles may be translated in magnetic fields and applied for the 
same fluid control pmposes. Once the required, chaimel geometry hits been fabricated and the 
colloidal particle isolated within^ fee resulting device is actuated by one of four methods that 
fevolya the direct manipulation of th^ particle by an applied field. 

Actuation 

Method A ~ Electmplioresis ; 

Given m electric field E md a particle of charge q ? the colloid will , move with 
velocity v p against a fluid flowing with velocity U midway between two parallel plates of 
separation 1: 



Though derived for a parallel plate geometry, this eqxiatioB indicates file decreasing 
particle velocity : one obtains as the channel width approves fbe colloid diameter. From this 



In addition to their diminutive size, colloidal particles posses many qualities whicE 
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equatioB &oug&, it is still found that small voltages are required to "fe^slSe:. £iid<|erafely 
charged 10 \xm diameter particle M a yarrow eliaiHiel agamst moderate fluid flows, In using 
electrophoresis for actuation colloids move in the direction of, and not normal to, the 
diree tion of the applied electric fiai<t 

Method B - Electric Field Applied m the;: Momml Pkeotion: 

As iXhmtrmmi in Fig, I s strong lateral i^ulsions can be imiuced by an electric field 
applied nomial to the plane of colloid translation. The structure illustrated in Fig, 1 is 
comprised of first and second co-v^slips 5 OA, SOB that are separated imm one another and 
define a space 52, first and second electrodes 54 A* 54B for applying an electric field to the 
space 52 thai extends substantially perpendicular to the planes of the covers tips 5 OA, 5 OB, 
and colloidal particles 56 that axe sij&stmtiaMy coostrained to two-dimensional movement 
within fee space 52 due to the spacing between ihe coveislips 50A, SOB. The strengCh of this 
interaction can be expressed as 

2 

- - " .{Icos 8~sm 0) ■ (2) 

for aligned point dipol.es, where $(t&) is the interaction energy, m is the induced dipole 
moment* e and so are the dielectric peirnililvity of ^ and free space ? respecti vely^ r 

is the separation distance and 8 is the angle between the field and dipole center line. The 
strength of the dipole can be relied to the. electric field strength B via n-aE, where a is Uie 
eleetxic polarizability of the colloid. From Equation 2 it is clear that the interaction is 
strongest when 0^0". Using this approach, concentrated dispemons can be made to order as 
shown in Fig, ,2.,, 

Previous studies have shown that electric fields can he used to induce colloid/colloid 
repulsions in such colloidal systems, These studies however, used an experimental 
configuration that limits practical application. Specifically, and as illustrated in Mg. 3 A, 
these previous experimetsts placed glass coverslips SQA, 5 OB 1 (of tMcJcae^s ISOji) on either 
side of the sample and between the electrodes &4A\ 54B* used to apply thte fields, Because of 
this, an extmnely high voltage of -800V was retired to apply a .field of approximately 0.2 
Yip in the colloidal fluid. As illustrated ia Fig. 3B, this approach changes the position of the 
intervening cover slips and places the electrodes in contact with or nearer fee colloidal fluid 
thereby providing the following advantages: 

I) SigniSeaotly higher electric fields are aehtevto 
lowor, practical voltages. For example, ten times the electric field is obtained by applying 
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only : 5V across tbe : electrodes (less thm. 1/1 00th of other stSdies). Ai sSoW^ in EquafioB 2, 
the colloidal mter&etion strength is proportional to £hp electric field squared, 4>(r s 8) ^ ii 2 E 2 ; 
therefore, ten times tlie applied field corresponds to 100 times tlie iiitera^ 

2) Because Iirferaciion strengths are mwth greater, colloidal movement duo to 
repulsions occurs rspidly ? seconds for micron-sized colloids as opposed to approximately an 
ham: m previous investigations. 

Method C ~ Magnetic Field Translation: 

It has been shown in a imniber of studies that application of a magnetic field will 
induce a dipole \x in magnetizable or polarizable particles. As in the case of electric fields, 
the dlpole strength, is directly ptopoitidBal to the strength of th e applied magnetic field, Such 
a dipole, depending on strength, will mteract in. a similar fashion to electric-field induced 
dipoies. 

Method D — Acteatioti with Optical Traps: 

In 1970, Ashkhi discussed and demonstrated the feasibility of optical or laser 
tweezers. In this techniqne^ a single laser beam is focused through, an oBjactive at an object* 
which because of an index of refraction mismatch, redirects the focused beam. This 
redirection induces a change in light /mom&rtum* a change that must be balanced by fee 
object. The net effect of this phenomenon is the holding of small imcron-sixed obj ects in the 
brightest part of a laser beanos focus. This technique has been used extensively in recent 
years to manipulate the nioiphoiogy of multiple colloidal particles siinultaneoiisly by rapidly 
moving the trapping laser beam, This ability is easily extended to microflui&ic device 
actuation, By translatiiag the trap, colloids can be repositioned ox translated in airy given 
manner. 

Valves 

A long pnrsued yet elusive goal of microflmdics designs is reliably controllable 
valuing systems, Through the use of colloidal microspheres elegant, reversible, and tightly 
sealing valves axe constructed that may he controlled "by electrical^ magnetic, or optical 
means. 

Three-way Val ve 

A single translating colloid m a fabricated chamber with electrodes can act as a 
directional valve. This idea is illustrated m Figs, 4A-B, Figs. 5A-D, and Fig. 6, where a 
colloid is moved to either side of the chamber and nsed to alter the direction of flow, in Figs, 
4A-4B, a valve 58 i$ fflissteied in which the dipole-dlpoie repulsion teclmique is iitilized to 
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control a microfMdic flow between an inpnt port 60 md an ontpnt port 62. The valve 58 
comprises fixed colloidal particles A, B and a movable colloidal particle 64 Application of 
electrical energy to a first electrode pair 66A induces a repulsion between colloidal particle A 
and the movable -colloidal particle 64 that places the colloidal particle 64 in a position to 
block a ; mierofluidic flow between the input and os%ut ports 60, 62, Application of electrical 
energy to a second electrode pair 66B creates a repulsion between the colloidal partick B m& 
the movable colloidal particle 64 that opens t&e valve and. permits; ^ imcmfltiidio flow to pass 
between the input port 60 and ootpnt port 64, The eoverslip structures axe not shown. Steps 
in the electrode pairs 66A y 66B prevent the movable colloid particle 64 fiom contacting the 
colloidal particles A, B in a damaging manner. 

It should be appreciated that the movable colloidal particle 64 can be moved between 
blocking and unblocfcing positions using the other non-invasive actuation tecbmqim In the 
case of dlectrophoresi^, the particle 64 is electrically charged and a pair of electrodes is 
appropriately positioned to actuate the particle 64- Similarly, magnetic field activation 
employs a particle 64 in which the application of a magnetic field induces a magnetic 
movement in the particle 64, Electro-magnetic sixnetures or other xnagnetio field application 
structures are appropriately positioned to apply the magnetic field, 'Likewise, electro- 
magnetic manipulation of the particle 64 is facilitated by stmctures associated with optical 
traps and the like. It should be appreciated that the electrophoresis, magnetic field and 
electromagnetic field approaches do not require colloidal particles A ? B„ 

Figs. 5A-5B illustrate a feree»way valve 68 feat employs the concepts of the two-way 
valve illustrated in Figs. 4A-4B > It should be appreciated thai the roles of the two inlet parte 
and the outlet pott could be reversed. Further, valves that use colloidal particles and have 
multiple input ports and multiple output ports are feasible. 

Fig, 6 illustrates a three-way vah^e 70. that uses three electrodes 70A-C to position ao 
electrically charged: colloidal, particle 72 so as to control a inicroflmdic flow between an inlet 
port 74 and outlet ports The actuation technique in this case is electrophoresis. 

Actuation 

Actuation can be achieved via all Methods A through D discussed above. Method B is 
iHustratedinFig> 4 end Fig, 5 and Method A is iihistirated in Fig. 6. 
3-D Valve 

The three-dimensional valve 78, so named because it is capable of selectively and 
precisely delivering reagents from a channel 80 in a first plane to a channel 82 in a second 
plane via a pathway 84 it also requires external manipulation: to govern flow , An active 
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imciDaphers 84 is positioned by electteai, magnetic, or optical translation over the desired 
gate-, thus temiinatlng How to the diaimel below (see Fig* ?}. M ibis figure, two. gray channels 
flow beneath the inlet white cbaimd, DepeMmg on the position of the Mmk colloid, fluid 
can be directed from the inlet to d&et ontlet gray channel below. 
Actuation 

Actuation can. be. acMerced via all Methods A through D discussed above. 
Pumps 

The following presents the general concepts for using field manipulated colloidal 
particles to serve as micmsoale prnnps as well as a few representative designs that may he 
used to drive fluid flow directly within microfMdio channels. 

Peristalsis Pumps 

Recrpmcating peristalMs-like pumps can be created in which colloidal particles 
moving within a specifically conceived and fabricated mieroehanne! displace discrete slugs 
of flnid, resulting in continuous pumping. Such pumps are manufectnred by isolating 
multiple microbeads within mierochannals of specific geometry, such as pump S6> which is 
shown in Fig. 8 f The pnmp 86 comprises a closed loop S6 with a portion 88 that is aligned 
with an inlet port 9QA and an outlet port 90B. Colloidal particles 92A-D are translated by 
one of the noted iidn-iiiva^ive techniques to aehieve the .pnmping action. In the illustrated 
enifeodiment, colloidal particle 92 A is traiM^ed to move a portion of a microfiaidic flow 
between the inlet and outlet ports 9QA, :9GB. Colloidal particles 92B, 92C are positioned to 
prevent any of the mic^fhudi flow being pumped by the coiloidal particle 92A from 
entering the portion of the loop other lhan portion SB, Gnce particle 92A has completed the 
primping of a portio of - the flow, the positions of the particles are cycled to start pumping 
another portion of the flow or stream, liie : translation of a microsphere across the top of the 
device, which are matched m size, will translate a plug of flnid forward through the channeL 
In order to move the - colloids within the pump, the driving field uuist be contimioiisly 
oscillated. This type of microflmdic' conveyance scheme has been previously proposed and 
successfully realized . with tiny air bubbles in microliter and nanolitcr scale devices, boweyet s 
the design disclosed herein allows &r significantly smaller quantities of Buid to be pumped, 
hi fact, sub fil/mm flow t&tes are predicted fortypical-sised colloids, a rata that is comparable 
to those achievable using clectroosmotiQ :approacfies but not restricted to fluids of specific 
ionic eventration. The incorporatian of multiple miomspheres in the design accomplisfaes 
two goals; 1) particles are held below fee main c^aiuie! opening to assure flow down the 
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outlet cMmdr and 2) particles can he translated at varyirig rates to control flow rates. Jh 
addition, colloids of specific geometry are constructed using a t{ micraprototy|>iBg t? approach. 
This approach^ which is described in detail later, relies upon the In situ radiation initiated 
polymeri^atioii of a hydrogel-feased solution. This ability allows for the creation of 
customized colloidal purnp elements that provide tight tolerances relative to the ehauiiel and 
pump fluids in the most efficient mauiien 
Actuation 

Actuation can be achieved via all Methods A feough D di^ci^s^d above. 
Rotary Pimp 

As previously mentioned, functional hydrogel stactores are created in situ through a 
technique called microprototypiiig. This technique provides not only the ability to create 
structures of custom geometry but also provides the ability to embed colloidal particles 
wxiMii the matrix. This powerful technique allows the fabrication of structures such as the 
exemplary rotor pump 94 shown m Fig, 9, in which the rotor vanes 9SA~D that rotate about 
hub 9% terminate in colloidal particles 98A-D, Correspondingly, other colloidal particles 
100 are embedded in the mieroeharoiel walls* Given that the vertical spacing within the 
iBicrochannd is comparable to the particle diameter, these complementary particles repel 
eaeh other when a perpendicular electric field is applied, as previously discussed. As the 
particles axe repelled, the rotor, which can spin freely upon a center post that is anchored to 
the microchannel, is actuated to pump a mieroftuidic flow between input and output ports. 
By patterning discrete electrodes (not shown) over each particle, individual fields can be 
turned on and off over appropriate particles as the rotor spins past them, thns perpetuating the 
rotor motion. By moderating the field, particle spaeteg or the frequenQy of field application, 
the velocity and direction of the rotor can be readily controlled. Fluid conveyance devices 
such as the rotor described here are appropriate for application in devices in which the precise 
delivery of suspended solids is required, 

Actuation 

Actuation can. be achieved via ali Methods A through D discussed above. The 
electrophoresis, magnetic field and electomagnetic field approaches do r^t recpire eolloMal 
particles to be embedded in the xnicroehannel wail around the rotor. 

Vane P umps 

Similar in concept and operation to the rotary pumps, the vane pump 104 represents 
the true mim^uxization of a classical macroscopic fluids handling technology, and is 
appropriate for the controlled pumping of any fluid sarapfe. A single vane 106 that rotates 
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about a hub 108 will be fabricated and colloidal particles lIOAj B will He'&beMM"&ltfe 
ends of fee vane. Coiivplement&ry particles 1 12 are also built into the channel walls, allowing 
for the repulsive force to be generated- by a perpendicularly applied geld. 

Both the rotary pump and the vane pnrnp may also be actuated : directly by 
eleclrophoretic force, In this case, no particles are built into the channel walls, only the 
vanes; The application of oscillating electric fields,, as those used to generate colloidal 
motion in fee peristalsis -pump will drive the rotary action. Both designs may also foe 
fabricated wishoxtf colloidal inclusions,: in which case they are actuated by a rastered laser 
beam generating a dyBamic radiation pressnm. 
Actuation 

Actuation can be achieved via all Methods A ihmxigh D discussed above. 
Mixers 

The ability to mix efficiently at the microseate would provide significant advantage 
for many microfluidics applications such as the ^laboratory on a chip". Mixing at small 
length scales however, is subject to. some unique linntations associated primarily with the 
difficulty in achieving turbulent flows and the associated mixing . efficiencies. For a fixed 
flowrale Q s suck m feat associated with a coIioM--bascd mixer, it can be shown that the 
Reynolds nurBher is inversely proportional to the gap diameter. 

With good registry between the colloid diameter and the channel widths significant 
Reynolds nnmhers may flierefore he achieved. A mixer 114 is substantially identical, . to the 
three-way valve shown in Figs, Tfe movement of the aovaMe colloidal particle is 

controlled so as to provide the desired mixture of flows received at tie input ports to the 
output port 

Actuation 

Actuation can be achieved via Methods A through D discussed abo ve. 
Fabrication Approaches 

Microfiuidic systems {fiFS) are traditionally febricated by ite wet or dry etching of 
silicon or siMcon dioxide siihstrates. Because transparency and low channel aspect ratios are 
indispensable. in certaHi. : 3itimt3:ons, however, a prooedyner i& which: plasma . etched silicon, 
wafers are used as templates for the creation of replicas cast in polypimethylsiloxane) 
(PDMS) ? a clear elasiameric material, has been adopted. The following describes the 
methodology used to create such elastoineric microfluidic networks^ however^ fete. .fabrication 
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of the hidividuai devices w& cells described is not limited" to EDlM snbitratesT Because 
glass,, silicon and other materials from which microfiuMie systems are commonly 
manufactured may be used instead of PDMS, the generic processing operations by which a 
typical device may be fabricated from any substrate material are imtiaiiy described The 
utility of PDMS and fee specific procedure by which devices are made from feis material are 
then described. 

Photolithography: Photolithography describes the general process of using radiation 
to produce a desired pattern in a photosensitive material. Templates of microchaimeis (|j.Chs} 
arid nricrofliiidic networks {pENs} are created Hfeographieally with ultraviolet (U V) light by 
transposing the pattern of a chrome mask upon "OV sensitive negative photoresist The 
patterns are subsequently developed in an appropriate solution, leaving only the relief of the 
desired pattern, which may be used directly as a EDMS master or etched to produce a 
permanent master. If used as the structural material to directly create PDMS replicas, 
photoresist films may be readily prepared wife thickness from 100 xtm to 100 pm, thus 
providing a wide range of accessible aspect ratios. 

Reactive Ion Etching (REE); Reactive ion etching (RIB), commonly referred to as 
plasma etching* is employed to either etch channels into glass or silicon or to create 
permanent masters for PDMS replication in silicon wafers. RJE is favored over wet etching 
techniques in many applications because it provides pChs of variable aspect ratio as low as 
oue wife relatively straight walls and rapid etch rates. Due to fee isotropic nature of wet 
etching with hydrofluoric acid (EEF), the maximum possible aspect ratio (channel height 
divided by width) is 0.5. Anisotropic wet etching with potassium hydroxide (KOH) will 
selectively etch along silicons (14,1) crystal face producing features with vertical walls, 
however, the etch rate is slow relative to those available vie RIB. 

Metal Deposition: Electrodes and control circuitry created from thin films of 
alammum, copper or gold may be lithographically tempMed upon niieroftuidic cbip 
substrates by two principle methods: evaporation and liftoff or evaporation and "peel-off'. 
Evaporation and liftoff is a conventional technique appropriate for fee deposition of metals 
upon rigid substrates such as silicon or glass. The desired pattern is photolifeographicaliy 
generated in positive photoresist before metal is evaporated and deposited over the entire 
substrate. Finally, fee metal-coated photoresist is stripped in an appropriate solvent, such as 
acetone, leaving only the original pattern. Evaporation and liftoff is an efficient means of 
creating intricate circuitry upon rigid mioroSuidk chip faces, however, it is Inappropriate for 
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flexible chips east in PDMS , Therefore, a technique referred to herein as shadow mask "peel- 
off 1 is employed to replace photoresist lift off. Instead of patterns created in photoresist, a 
negative relief mask is east by spin coating FBMS onto etched, silicon wafers to depths less 
than tiiat o f the features on the master. This shadow mask -is then peeled from the master and 
placed upon the FDMS raicrofinidie chip replica and metal is deposited over the entire 
system. When the shadow mask is peeled froBi the PDMS chip, the desired circuitry pattern 
remains, 

Soft lithography: Soft lifeo^aphy describes the generic replication of a mold in 
PBMS. PDMS replicas are created using a commercially available two-component kit 
(Sylgard 1 84 Kit, Dow Coniing). A XBixtwe of elastomer and curing agent are poured over 
the silicon master and cured under vacuum, to degas the elastomer solution, PDMS makes an 
ideal cMidid^e for pPS production because it can be cured rather rapidly, patterns axe 
faithfully reproduced and the process can be .conducted in a non-clean room environment. 
Fuiihermore* the design and &^ncation of pFNs becomes increasingly flexible as masters 
may be fabricated with . more- complex designs and lithography need net solely be relied upon. 

Cored PDMS replieas are peeled, fern the master; leaving a clean, reusable template. 
The replica is finally placed in conformal contact with either a glass slide or PBMS flat 
forming a tight, reversible seal and enclosing channel s capable of conveying fluids, PDMS is 
natively hydrophobic, but can be easily modified to create a hydrophilie surface throngh brief 
exposure -to an oxygen plasma. Replica films >50 pm may also be created by spin coating 
FDMS onto a silicon master. Such films may be used as Shadow masks for the deposition of 
metal features, such as electrodes, onto other replicas or multiple Sims may be stacked to 
create three-dimensional pFHs. Such a three-dimensional, stacked channel configuration 
may also be readily exploited within the context of a colloid-based fluid control platform to 
regulate the flow of fluids within the z-dim 

Rapid Prototyping 

A combination of techniques discussed above, photolithography and soft hthograpiiy, 
has been previously utilized in conjunction with the creation of MghHresoIntion shadow 
masks as an experiment^ fabrication method in which proposed designs may be conceived, 
tested and manufactured within the span of a single day. This process, which is limited, to 
fairly large xmcrostxuctures (>i 5 pm) by fee resolution of available printers or image setting 
techniques, has been dubhed "rapid pix>totyping'V and allows for quick inexpensiw testing of 
design options. In fee process, masks are drafted using commercial software, snob as 
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Macromedia Freehand, Qnark Express or Adobe Illustrate and printed :qii a transparm^y or 
image set on photographic Ska* which is then used m a shadow mask to replicate the design 
in negative phoiorasist. As etching of the design into ..the silicon is not required to make a 
single-use master, a PDMS replica is cast directly upon the photoresist,, thiis generating a 
"rapid prototype" microjMdte^ 
Optical Trapping 

As discussed above in Actuation Method optical trapping can he used to directly 
manipulate colloidal particles in solution. Recent developments have ibcused on the creation 
of simultaneous multipfe optical traps. Multiple traps permit asymmetric objects to be 
spatially oriented, or the maiiipolatioa of two or more objects or two parts of the same object 
simtiltaiieoTisly in order to measure forces, dynamics or mechanical properties. This cm. be 
accomplished by rapidly seaming a single laser beam among a Bomber of posMoes with 
galvaBomirrors or piezoelectrfcs to create a time-averaged trapping pattern. This approach 
has been applied to build a scamiing laser optical trap (SLOT) to smrnltaecmisSy manipulate 
multiple colloids into airy designed pattern, hi this, when the laser is tamed, off* the particles 
diffuse away, reassumhag their equilibriiiHi distribution „ Examples of trapping multiple 
particles sinmiianeousiy are shown hi Fig. 12. 

Photopolymerization and "Mieropratotypiag" 

As discussed above, the SLOT technique can be used to position colloidal particles in 
desired orientation with, excellent precision, Onm the laser beam is switched oft however, 
the trapped colloids will diffiise away from their specific positions. To prevent this, these 
particles are locked into desired orientations by polymerizing the surroiHKhng solvent while 
scanning the laser beam, hi addition to precise isolation of colloidal particles within a 
polymerized hydtogel matrix, an approach m which very local and specific regions of a 
hydrogel solution are polymerized to create individual micron-siz^d. hydrogel entities within 
microflmdic systems has been developed. This ^microprototyping^ approach is ffinstmied m 
Fig, II where a polymerizing laser heain is scanned throng a dilute acxylairdde solution/to 
create an array of proximately 1 ,5\x colloids for subseqoera optical maBipidaticm, la Fig. 
11, the entire process, from dilute monomer solution to rapidly maculated polymerized 
object, takes little more than one minute. The flexibility of this approach is .clearly 
tremendous; it provides the ability to rapidly fabric^e any microscaie design, and beoanse the 
index of the polymer is higher than the solvent, subsequently manipulate fabricated objects 
optically, 
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This teeimi-que provides a nice route towards the construction of ixdcroscate devices 
within previously fabricated xnierocbmmels. Here, mi^ochmiiiels will be; first filled with 
poIymerizaMe solvent* devices fabricated directly within them, and finally the network 
flushed with an alternate fluid tewing the microprototyped object behind. This techmque can 
be applied as a means for construing templates for litbography or as a starting point for 
creation of larger three-dimensional eolloid&I structures fox applications such as materi^s for 
photoiries, Mthograph^ ceramics* and biochemical sensors* 
Device Fabrication 

The above operations may be combined in a variety of ways in order to fabricate the 
micro Suidie devices and systems described herein. If ;mantifacti^red : from silicon, silicon 
dioxide or other stiff materials, the substrate upon which the miemfiuidie network is etched 
mmt be sealed with a fiat substrate. If replicated in PDMS, the mi crofluidic network may be 
sealed by simply placing the FDMS in eonlbrmal contact with a flat substrate of sufficiently 
high surface energy, including a PBMS "flat". 

Previously synthesfeed colloidal particles may be included into the microfluidie 
system, either before or after sealing by a variety of techniques. A representative strategy of 
isolating a particle in a chamber would be to flow colloidal particles suspended in a bydrogel 
solution through a parallel channel^ grab a single p article with an optical trap, move it into the 
chamber through an access channel and ten seal the access channel by photopolymeming 
tlie channel rm tire mi#oprototypfeg approach. 

As. ptevionsly niei^oned,. particles may also be synthesized directly within channels 
by the micrGpratotyphig approach. To achieve this, h mictoftiudic network is. created, sealed, 
and filled with a hydrogel solution. This solution is next polymerized using the 
microprototyping technique or an adaptation of photoMtkogr^hy ♦ KSon^rototyping allows 
for the creation of objects of arbitrary morphology, while a photolithography approach would 
reproduce the design of a shadow mask in the hydrogeL To create freely movable hydrogel 
features using the photolithography method, one must first apply a sacrificial layer, such as 
positive photoresist, to the flat substrate. This step is required because hydrogel 
polyinerization begins at the bottom suhstrate ? resulting in attached polymer. To liberate the 
polymer feature, a sacrificial layer Bpst be placed between the feature and the substrate, so 
that when it is dissolved, the hydrogel inaiBtains its integrity and form while becoming 
detached from the substrate. 

The basic operations used m fee creation of field actuated microfluidic devices have 
been described. Most of these steps have been adopted from the microeleetroxiics pmcessing 
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industry and have been established for yeara Also described j& a raj^esszilative m&fhod by 
which completed devices xnay be assembled using less coiwentfenal or in: certain cases novel 
teehniflnes. 

By msnipMatktg colloidal microspheres within ciistooiized channels, micron-seaie 
fhMpm^ Two positi¥a-di^>iBcem^t design, a 

gear and a peristaltic pimip, are reported i^einafter; both of Which are approximately the ske 
of ahnmarrred blood cell Two colloidal valve designs are alsp demonstrated^ one actuated, 
one passive, for the direction of cells or small particles. The use of colloids as both values 
and pumps will allow device integration at a density far beyond what is currently achievable 
by other approaches and may provide a link between fluid manipulation at the macro- and 
nano- scales* 

The complexities inherent to other approaches are avoided by employing colloidal, 
microspheres as -the :aetive flow control. element These, ra&ferials provide an..ex€elleB.t choice 
because they can not only be synthesized at length scales thM mafe femi easily transported 
fhrongh microflBidxc networks, but their surfece chemistry may also be readily altered 
compatibiliz^ These attributes alow them to feensed 

in a host of microSiiidic applications, 

It has also been shown that colloids can he directly manipulated through the 
application of external fields. The processes of electrophoresis, dieleetrophoresis, and 
Biagnetpphoresi$ haw all. "been used to control and : inftueiice' the motion of small particles in 
solirtiom Particularly useful for prelimiiiary studies, however, another techmcjae, optical 
trappings has became popular because it allows the direct manipniaiion of individual colloids. 
This non-contact, BDB-iOTasi^e tecteicjae ehminates the need to;, physically interface to the 
macroscopic world, and thus chc^mvents one traditional obstacle to microilxridie device 
miiiiatrdEation. In order to manipulate complex asymmetric objects or multiple objects at 
once, as would be required for tha actuation of a microflihdic valve or pnrnp, a large rnimher 
of optical traps are simnltaiieonsly requsr^i. To accomplish this, a scamiing approach in 
wMch a piezoelectric miiior is translated to r^>idly reflect a laser beam in a desired pattern is 
used. If the piezoelectric mmor is scanned over the desired pattern at a frequency greater 
than that associated with BKmiiian time scales,, a time-averaged tapping pattern is created. 
TM details of this approach, called scanning laser optical trapping (SLOT), can be fbnnd 
elsewhere. Through the apphcatioo of this dynamic trapping capability, the microspheies are 
arranged into feoctionai stractures, and subsequently actuate these structures to generate 
mierofiuidte aettmtion scheme and traiisinission 

-23- 



~ WO 02/09102$ FCT/IJS02/1423J 

niicroscopy to momtor device perfbrmanoe, however, requffies" a metlfdCfB? ilie croaHbii of 
eliamiels: at single micron length scales m a transparent housing. Because of this reqmtemeilt, 
soil lithogmpliy tedioiquas ploneemi by |he : WMtesMes group are applied, which allow for 
the ine^e^ in poly(dirae&ylsi!o^aixe) (PBMS)» m 

optically hansparent elastorner. 

Working at microscopic length scales offers unique: challenges, for colloidal pismp 
design. This is illustrated through calculation of the Reynolds number* Re^p vD/r^ where for 
colloidal length scales in aqueous solotioiis, 

p^lgfcm*^ ^QMgJcftt* % £> ~ Spin, v ~ S.jumfs* giving Re~ 10^«1 and corresponding 
to laminar flow, Under these Gkoumstmcas fluid flow is folly reversible and pump designs 
that rely on omtrifhgaS action such as itiipeiler-type approaches, axe inappropriate. For this 
reason the designs are based oil positive displacement pumping techniques that operate by 
imparting forward motion to individual pkigs.of fkiM, 

With reference to Fig. 14, the first design is a two-lobe gear p&mp 1161b which small, 
trapped pockets of fluid >are directed through a specially-designed cavity fabricated iti a 
microekamxel by rotating two colloidal dumbbells or "lobes** I IBA, B in opposite directions. 
Over repeated and rapid rotations, the accumulated effect of displacing these fluid pockets is 
sufficient to induce a net Sow, This motion is illustrated in Fig, 1 5 > where clockwise rotation 
of fee top lobe USA combined with coiHitereioekwise rotation, of the bottom lobe I I SB 
induces flow from left to right M the e&perhne&ts also shown in, Fig- 15, each of the lobes 
consisted of two, independent 3 ym silica spheres, To create these .structures* the colloids * 
were first mmm wered using the optical trap to a 3 pan deep section of chatmei designed with 
a region of wider gap to aoeommodats lobe rotation. Once the particles were properly 
positioned, the laser was scanned in a maimer such that a thne-averaged pattern of four 
independent optical traps was created, one for each microsphere comprising the two4obe 
pirnrp. By rotating the two -traps in the n^per part of the channel and the two traps in the lower 
part of the channel in opposite directions and offset by 90% the overall purop and the 
corresponding fhiM movement was achieved. Bow direction was easily and quicfcly reversed 
by chan gin g the rotation direction of both top and bottom lob es. It should be appreciated that 
the pisinp 116 is adaptable to the other non-invasive actuation techniques. 

To aid visualization of Sow and provide a means of estkaatmg flow rate 5 tracer 
particles consisting of 1.5 fim silica spheres were added to the aqueons solution. Motion of 
these tracers could be easily visualised as seen in Fig,. L Hie measured; tracer particle 
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velocities were detemamed as a iune&aa of *Mtj^'i^'b&& in the forward and 

reverse directions aad indicate a maximum flow rate of I nMn\ As shown in Fig, 16, the 
dependence appears to be linear and independent of direction as expected flora the predicted 
laminar nature of fee pumped flow. 

The gear punip design illustrates the success of positive displacement pumping 
through the use of colloidal microsphere; however, its design may prove parfeenlarty harsh 
to certain solutions. Though able to pump individual cells using the gear pump, coneentxated 
cellular suspensions may be damaged by the aggressive motion of the meshing "geara" of fee 
pump. With reference to tig. 17A, a second pump 120 that reduces die possibility of such 
damage incorporates a peristaltic design that is also based upon the concept of positive fluid 
displacement, effectively a pseudo two-dimensional analog of a three-dimensional, 
macroscopic screw pump. If instead of rotating the particles as in the gear pump, a string of 
colloidal particles 122 is translated back and forth across the channel hi a cooperative 
manner, fluid propagation can be achieved. 

The colloidal movement required to direct flow with this approach is illustrated in 
Fig. 1 7B. The optical trap moves the colloids 122 in a propagating sine wave within which a 
ping of fluid is encased. Direction of the flow can be reversed by changing the direction of 
colloidal wave movement. Once again, these experiments were performed with independent, 
3 pin silica spheres; however, more colloids were used in the experiments of Fig. 17B to 
represent a complete wavelength. Fabrication of these pumps required first maneuvering the 
colloids into the channel section. Once m place, the optical trap was scanned such that 
multiple independent traps were created, one for each colloid compromising the peristaltic 
pump. As seen in Fig. 1 7B, tracer particles were also used in these experiments and indicate 
that comparable flow rates could be achieved with this approach. The pump 120 is adaptable 
to the other noninvasive actuation teelmiques previously noted. 

The physical, colloid-based in situ positive displacement pnmpmg scheme of these 
two pumps has a number of advantages in addition to its diminutive size. Because colloidal 
particles are used, depetidiug on design the actuation scheme could be electrephoretic, 
maguetophoretic or optical-based. This range of actuation schemes will allow complex 
suspensions and non-polar organic solvents, two fluid classes in which electrophoretic 
pumping techniques falter or fail, to be pumped, Although both pimiping approaches 
presented here are able to transport fluids and suspended particulates hi a bulk fashion, 
neither is capable of directly manipulating particles or cells in solution. To create valves 
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capable of both, restricting and directing flow of cells or colloids within microfiuidic. 
networks, lasersfeiiiated photo^ol>iiiemation is employed to firs t lock coll aids into specific 
geometries. Once polymerized., ftese structures Repositioned and, in some cases, actuated "by 
fee same laser used for their contraction, 

Witkrefei^Bce to Fig. 1§(1~I2) 5 itie^^ 
comprised of a 3 \im silica sphere that senses as a Iiub 126 photopol jarieriEad to several 0,64 
fm silica spheres forming a linear siroefere. For passive application fee device was 
maneuvered into a straight channel and the 3 \im sphere held next to the wall allowing the 
aim to rotate freely in the microcliannel. As &m &w direction was changed, the valve 
selectively restricted fee flow of large particles in one direction while allowing passage of all 
particles m the other, Mg. 42 illnstrates another enibodiment of a check valve 200 in which a 
colloidal particle 292 allows a fluid to flow from an Met port 204 and an outlet port 206 hut 
prevents fluid from flowing in the opposite direction by blocking the Met port 204. With 
reference to Fig. 19(1-12), to actively direct particulates to one of two exit; channel^ the 
passive valve 124 was maneuvered, into a confining T geometry. As the valve structure was 
rotated about its swivel pom£: using; fee.' optical trap, the top or bottom channel was seated* 
directing flow of particulates toward the open chamiel (Fig. 4B), 

As disclosed liereisv colloidal particles can he used to fabricate true micros-scale 
microMdic pumps md valves sigoiScantly smaller than cmxent ^preaches.. By using 
colloids m all of these designs m& m iBicroeharmeis of similar construction mM. length scale, 
tiie opportunity for extremely Mgh-density device integration is available; fitotisands of 10 
\im devices could £>e incorporated into a Imm 2 area. Aifhortgh the use. of an optical trap 
provides a number of advantages, including &e eliminaMon of physical connection to 
macroscopic hardware and tiie ability to instantly alter device design, or location m situ, 
actuation of these devices via other applied fields is certainly feasible. As discussed 
previously, : appropriately -sekcted colloids will also translate m applied electric and magnetic 
fields. Because of its versatiSty, a colloid-based approach to rnicroflmdic flow geueratioxi 
and control may indeed prove a pov^erfol teclrnique for ttie creation of complex, highly 
integrated, ndcro total analysis systems, 

The present mvmtion uMzes the ability of reversibly ordering colloidal particles in 
confined geometries to realise piiotojiic devices,. More specifically, the spatial periodicity of 
colloidal particles is readily varied to create optically active and switchaMe colloidal devices 
for photonics implications. In one approadr, an applied electric field is used to create a strong 
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lateral dipole-dlpole intaractioa that induces cdllMdal ciystallizatioii in confining two- 
dimensional geometries, Because particie dmsity is relatively low and the Mmmk>& of hmg 
range, colloidal mofeiiity is high enougb to allow rapid . crystallizatioa upon application of an 
electric field. These phase transitions are Mly t evemble aird %m be readily oortolled by 
adjusting either the applied field strength or particle coafmement. This approach is 
reversible, optically activ^ and requires reduced dimensionality for operation. 

Control of Colloidal Morphology 

Overview 

It has beep known for some time tfaat colloids can imdergo tbemrodyriamically driven 
transitions to form ordered crystalline structures. Became of the length scales associated 
with the particle stee and spacing in these sj^tems, such colk>idai crystals ean diffract light in 
the optical regime. A number of researchers have attempted to take advantage of colloidal 
crystaliizaiion and ordering for the creation of optically active de vices. These devices include 
materials that behave as optical filters as well as colloidal-crystal based sensors. A good 
review of different, iiwestigations focused on ordering colloidal systems as well m the 
specific colloids available for sneh . efforts has been written by Xia r etaL. 

In general most of the ef&rts at creating tfeee-diniensional arrays rely either on the 
use of gravity to allow colloids to slowly settle and form: dense entered phases or the use of 
strong charge-induced colloidal r^nlsions fo indnce colloidal crystallization. Once created, 
these fragile structures are looted hi by matrix polymerization and used directly or as a 
template for the creation; of ordered structures made of different materials (higher index of 
retraction for example). Both the use of gravity m& the use of electrostatic repnlsions have 
significant drawbacks however. Gravity mdiiced ordering requires highly moiiodisperse 
colloids and careful control of the density mismatch if reasonably-sized low-defect structiires 
are to be obtained, Electrostatic repulsion xndneed ordering can require long periods of time 
and very careful control of the colloidal interactions, Manipulation of the colloidal surface 
for other purposes (sensor applications for example) itiQn^ees these interactions leading to 
tiie extremely difficult problem of micoi^Iing one from the other. 

Ordering with Electromagnetic ReMs 

Much of die work has ibowed on tlie manipulatioD of colloidal order and structure 
through the use of applied light intensity gradients, sp^ifoaUy, optical trapping. When a 
laser beam is focused to a dif&aetion-Iimrted spot using aM^.nummcai-%ertiire ohjeo^e, 
mie^n-sised objects in soMon are attracted and three dimerssic^ the region 

of highest light intensity. In 1970, Ashkin discussed demonstrated the feasibility of this 
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teahniqiie^ called optical or laser tweeters; Since- then? optical tweezers hmc been improved 
and applied to several fields, including ohsinistry, biology, coil oidal mid polymer science, fa 
this technique, a single laser beam is focused through an objective at an object, wMcb 
because of an index of refraction mismatch* redirects the focused beam. This redirection: 
iiiduces a change in ligbt momentum, a ehan gc thai must be balanced by the obj eoL The net 
effect of tiiis phenomenon is the holding of small mieroB-sked objects in the brightest part of 
a laser beam's ft>ens» This revolutionary tool has received much interest mainly because it 
allows non-coMtact,. non-intensive and precise manipulation of objects in solution on the 
microscopic scale. 

The remote and sterile nafare of optica! tweezers is particularly appealing for 
biological studies. Because infrared: trapping beams are not strongly absorbed by biological 
tissue and cause low optical damage, they are used fox manipnlatioti of wuses and bacteria, 
studies of the properties, of the cytoplasm, organelles* biological membranes, DJJA and 
kinesin xnolecnles ? measurement of flagella compliance, and isolation of bacteria from 
cornplex microbial conmiuiiities. For a review on biological applications of optical tweezers 
see Svohoda, K, & Block, S. M. Biological Applications of Optical Forces, Abim. Eev. 
Biopkys, BipmoL Struct. 23 f 247-285 (1994). Optical forces (in particular ultraviolet laser 
beams) have also been used as micro-scissors and micro-scalpels where the highly focused 
beam is used to cut and dissect particles or cellular components. Applications of optical 
tweezer s, however, are not lirnit ed to Mology. B ecause laser tweezer forces are in the range 
of a few hundred piconewtons, they can foe used to measure the elastic properties of 
polymers, colloidal dynamics and colloidal interactions, such as depletion and electrostatic 
forces. Recently, optical iwee&ers have also been tised to stick par&eles one by one to a 
polyinmc substrate and as a novel type of scanning probe microscope where the soft spring 
of the optical trap is used to image samples in solutioii. 

Recent developments ka^e focused on the creation of simultaneous xnuMpie optical 
traps. Multiple traps permit asymmetric objects to fee spatially oriented* or die manipulation 
of two or more objects or two parts of the same object simultaneously in order to measure 
forces^ dynainics or mechanical properties. This can be accomplished in several ways: by 
using pbotomasfcs, beamsplitters, refractive optics, or commercialiy available dif&aeiive 
pattern generators to split the incident beam into siniuitaneous multiple tweezers, by creating 
interference between two or more incident laser beams, or by rapidly scanning a single laser 
beam among a mmiber of p#sitiot^ with galvanomifrors or pie^oelectrics to create a time- 
averaged trapping patten. 
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Because this last .approach is the most flexible and requires only a single laser beam, it 
lias been applied to build a scanning laser optical trap (SLOT) to simultaneously manipulate, 
multiple colloids into any designed pattern as shown in Figs. 21 A-B. In this approach, 
particles diffuse away when the laser is tamed off, reassuining their equilibrium distribution. 
Examples of trapping multiple particles simultaneously are shown m Figs. 21 AT). The time- 
sharing approach uses a piezoelectric mhror to deflect the beam at high rate (10 3 Hz), To 
trap multiple paitieles suiiultaneously with a single scanning laser beam, the repetition rate of 
the moving beam must be faster that? time scales associated wife panicle Brownian diffusion, 
leading to scan rates on the order of 100 Hz for micron-ske particles, while significantly 
higher scan rates are required for smaller particles. In addition, and as shown in Figs. 22 A-B, 
these structures are loched in place ferough polymerization approaches. 

SLOT has been used to create ordered arrays of colloids -mtfe,l^i^;^K!^--th^iajfe 
is a useful mute to the creation of novel material. This approach, however, relies on an 
available source of focused light. Such sources ate not readily available in many situations 
and other methods to order colloids would be useful for a variety of applications. For this 
reason, an approach has been developed that uses electric fields in confined geometries. 

Ordering with Electric Fields 

Recently;; two-dhnensional systems have been of particular interest because novel 
phase behavior and unique optical properties have been observed. Also, new interactions in 
confined geometries have been reported; as fast discussed by Richeifi et al fir 1984, electric 
fields induce a "lateral attraction" on electrode surfaces that can he used to create local 
colloidal crystallites. One can adjust the strength of this lateral attraction and fee resulting 
phase behavior by changing the current magnitude. With this approach successful deposition 
of layer-by-layer colloidal crystals has been accomplished. This effect is illustrated 
schematically in Figs. 23A-G where colloidal particles form tight two-dimensional crystals in 
the presence of a strong 3.1 V/p ac field. Based on a simple model of aligned dipoles, 
however, one would expect these colloids to repel one another quite strongly. Trau et al., Yeh 
et al . and BSkmsr have proposed that the lateral attraction results from electrohydrodynamic 
effects arising from charge accumulation near fee electrodes due to fee passage of ionic 
current. TMs hypothesis suggests that lateral variations m concenfmtion polarization induce a 
spatially varying #ee charge feat induces electroosmotic fluid motion in the presence of an 
electric field, causing the particles to move together. 
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However in strictly confined systems, drastically diflereiit bdhavior is observed in the 
presence of an electric fiold Instead of strong lateral attractions, th©. colloids experience a 
sfeOBg lateral TepuMoii as illustrated in Fig, 24B and shown in Fig. 26A, where ordering has 
occurred within the strictly confining: two-dimensional plane. This result is attributed to a 
change in the nature of the Mectoosmotie&ll^ ilnid flow due to the imposed 

geometric constraints that either significantly diminishes or completely removes the affective 
attraction (Pig, 24B)* 

The strong lateral repulsion can be described in terms of a dipole-dipofe intemctioa 
induced by the applied electric field. The strength of this inteactioii can be expressed as 



for aligned point dipoles, wbere <f>(r ? 0) is the interaction energy, u is the induced dipole 
moment, e and £o are the dielectric permittivity of tfee rnedmm and free space, respectively, r 
is the separation distance and 0 is the angle between the field and dipole center line. The 
strength of the dipole can be related to fee electric field strength E via u^aB, where a is the 
electric polari^abihty of the colloiiiv This equation illustrates that the interaction is most 
repulsive when colloids are in the same plane (8-90*). 

To illustrate the iufluexioe. of geometry on the eflfeotive colloid interaction in the 
presence of an electric fields cells have been constructed with a wedge geometry which 
provides a linear spatial variation Horn strictly two to three dimmsions. In this cell, the 
wedge angle is very small, - 0,1°,. and the voltage applied is of constant peak-to-peafc 
magnitude, leading to an applied field varying &oxn 3,1 Wft io IS V/p, as one moves from 
tha two to three dimensional cell regions. Figs, 25 A~D shows a series of images captured as 
.the stage was translated £rom regions of 7 to 3,5 ji .thickness. As the .. field varies linearly 
during this translation, flic nature of the interaction clearly changes dramatically. In regions 
where the plate: separation allows colloids to move slightly in the third dimension, the 
colloidal particles experience an effective attraction and form tight colloidal crystals. As one 
moves to slxictly-confmed two-dimensional regions, however, the gradual transition from 
interparticle attractions to repulsions can clearly be seen. In fact one observes a Ml range of 
phase behavior, Irani attraction-induced colloidal crystallization to a two-phase system to 
entropy-driven repulsive colloidal ordering. This felly reversible behavior is clearly 
demonstrated as the dispersions revert to disordered fluids when the electric field Is tinned 
otl 
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If mstmi of using a wedge geometry, one strictly confines a relatively eoBcentratad 
suspension to two dimensions, tfamthe colloidal ordering can be controlled solely fey varying 
electric field strmgtli. Figs. 26A-D illustrates ills trmisition tat .ordered solid to fiuM^soIid 
coexistence to. finii as ifee fieM strength is lowered from 3.1 V/ji to 0,3 V/|i. This approach 
provides a convenient means of investiga^ng pbase traasitioBs ill two dimensions as one can 
easily toe the iiiteractioiis and move throngho^ 

If the mtoractidB. is dominated by dipole^ipdle iitferactions induced by the electric 
field, then particle size will play a large role in deteD3iiiikLg fee field strengths inquired for 
colloidal ordering. This is due to the proportionality of the electric polatiEafeility a to particle 
volume via 

where a is the particle radius and the index of refraction ratio, Mtially, begin by defining 

an effective area fraction, tj^ ~ ?;* { J where Ii is the true colloid area fraction and Is 

an effective m&ras that .grows witlt dipole-dipok interaction strength. If is based on a 
particular <|>e£f interaction energy then 

m 



a 
and 



If one then assumes that there is a specific rj e ^ at which the disorde^ord^ transition 
occbts ? then the electric field required for ordering, E, is proportional to fqa 2 )^ or (p y4 aj 3 
where p is the number density. Despite the simplicity of Ms ^proadi, the behavior observed 
eKperimeetally is indeed consistent wife this scaliiag analysis;, as the particle size increased, 
the electric fields required to induce order decreased significantly Kg. 27 shows the field 
strengths required to induce order for systems of different particle size mA density, The 
behavior fellows the ejected power law dependence indicating that the dipole-dipole 
int^Bcfion is indeed dominating tie observed phase behavior, Figs, 28A-D show that the 
ordering can also be done in relatively dense systems as verified by fee radial distrihation 
ftmctions generated in Figs, 29A-D. 
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Previous studies fea^e shown that electric fields can be used to iiKhiee order in such 
colloidal systems. These studies, however,, used m experraieiital conBguration that limits 
practical applioali oil Specifically, and as illustrated m Fig* 3 1 A, these previous experiments 
placed glass coVersMps (of thickness - 1-SOji) on either side of the sample arid between the 
electrodes used to apply the fields* Because of ibis, m extremely high voltage of 80DV was 
required to apply a field of approximately 0.2 V/fi in the colloidal fluid. As illustrated in Fig, 
3 IB, another approach changes the position of the intervening ewer slips and places the 
electrodes in contact wife fee colloidal fluid, which provides 'the following. advMiages: 

1) ,Sigpificaiitly higher Mectric fields are acMevahle withto the fluid fey applying xniseh 
lower, practical voltages. Ten times the electric field is obtained by applying only 5 V across 
the electrodes (less than 1/ 100th of other studies). As shown, -m Equation 4, the colloidal 
intemction, strength is proportional to the electric field squared, <f>{r,0>~ u 2 ^;E*'i therefore, 
ten times the applied field corresponds to 100 times the interaction strength; and 

2) Because the interaction strexigths are much greater, ordering occurs rapidly,, 
seconds for micron-sized colloids as opposed to approximately an hour in previous 
jiivesligations, 

3) Attractiye-type ordering, as shown in Figs, 23A-C and Fig. 25 A, requires the 
electrodes to be in contact with fee fluid. This approach allows one to vary the effective 
colloidal interaction ik>m purely repilsrve to one that has m apparent attractive component. 

This approach to ordering colloidal systems cm be. used as a route to the controlled 
assembly of macroscopic colloidal phases in confined geometries. Small-angle light, 
scattering, where a laser beam is passed through the sample perprndioular to the plane of 
colloidal order, can be used to emphasise this. Initially, rings associated with a disordered 
colloidal fluid can be readily observed as seen in Figs. 30A-C where the sample consisted of 
3u colloidal polystyrene particles dispersed in water within a strictly confiidng two- 
dimensional geometry. Upon application of the electric field, both powder-type dif&Ection 
patterns (iiidicatiixg the presence of crystals of varying orientation) and single crystal patterns 
(as shown in Figs, and indicating colloidal single crystals of ske - Imrn) were 

qnickiy seen. 

These experiments illostxate both Chat electric field indnced repulsive dipole-dipole 
interactions can be used to cause ordeimg of colloidal particles in confined geometries and 
that these ordered systems are optically active. Because these forces are strong and long- 
ranged, they can dominate other colloidal mtemctions and be used to induce colloidal order 
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where orystallizftipii otherwise would bM occur, fir aMSofi, 1 colloidal:* ifioMi% Remains 
relatively high afier crystalli^atioii^ allowing the rapid foxaiatioii of large ordered domains. 
The invention takes advantage of the ease and : ^pe^'wit&.whi^.l3u^ colloidal systems can 
he revemihiy oixieiad to manipulate the propagation of light ip these low-dixae&sional 
systems, Such electrically switchahle colloidal arrays oould Sad nse --iniai(^^of|^toiAp 
applications, including optical switches, waveguides, and hand gap materials. 
Colloid-Based Photonic Devices 

The application of Selds for the coiitrol of calloMal order is used to majoipulale light 
m& create swiichablephotoiiic devices. As discussed above, the application of electric fields 
across a confined colloidal solution induces m intetparticle repulsion strong enough to 
quickly form ordered two-dimensional crystals. This effect -i^/beW-sbovMi in Figs. 
Figs. 26A-D, and Figs. 28A-D. These examples illi^trate ibat Strpiig lateral repulsions are 
significant only m low^mensioml systems and can he described is terms of a dipok" dipole 
interaction induced by the applied electric field 

Two .different applications will be discussed here. First, the creation of two- 
dimeiisioiial photonic hand gap colloidal arrays for light propagation control will be 
presented. Here, the fact that .particular frequencies of light cap he forbidden by Maxwell's 
equations in certain geometries allows the directioa of light away feom ftose regions. Using 
this idea, the foens h on the creation of a sv^tchable waveguide aBd. related devices for light 
redirection: The second approach relies on similar sample geometries; however,, it ; is based on 
fee different but related concept that ordered arrays can diffiaet light (as shown 
experimentally hi Figs, 30A-G). This combined with the ability to reversibly turn the. Bragg 
condition on m& off w ill form the basi s of the optical switchin g 

Photonic Band Gaps 

As discussed by Joannopoulos, a photonic h and gap defines a range of. ^^umeies for 
which light is forbidden. By preparing s^tems wife weU~deSnsd defects within sack a 
crystal, the propagation of forbidden frequeticies can be well controlled as illustoted in 
Figs. 32A-C The behavior of a lattice depends both on the spatial periodicity and the 
dialectic properties of the crystal components. With the use of colloidal systems, both of 
these factors are tunable by changing the system aad/or the med^^ 
the spatial periodicity by varymg^fc the applied field strength. 

Figs. 32A-C illustrates the use of a colloidal bmidgap material for &m steering of light, 
& tl3is » a two-dhnensioml cell 150 viewed from above is fabricated such that the colloid 
caimot penetrate regions 15.2 A, B where light is intended to propagate. If the colloid is 
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randomly dispersed, the light will not; imn through tho r sh^mgB Sid . be scattered. 
Upon application of an deetric field, however, the colloids order, satisfying te baadgap 
condition and forcing the light to travel down the diannel 152A or 152B. StraigM&rward 
extensions of Ms idea lead to the ability to switch the direction of light propagation. Also, 
the effect is reversible; upon removal of the electric field light will not pass through the 
device. Though, in principle^ design of mcll . a . device is quite simple, fabrication of a 
working model based on particulate systems requires careful choice of colloid and matrix 
materials such that the bsuidgap condition m satisfied. It should also be appreciated that light 
is directed into the regions 152 A or 152B by a mirror, lens, waveguide or other light dfecthig 
component 

For calculating the band structures and efecfroniagiietic . modes, for a. glvm lattice and 
dielectric contrast, a program developed by the Joanaopoiilos research grorjp at MIT Is used. 
The software is called "MIT Photonic-Bands (MPS)** (website: http :ffjd$^iMuhw^* 
&ee war% incinding downloads, manuals, and tutorials).. 

For different colloidal systems, one begins by specifying the lattice geometry, the 
number of eigenvectors to compute, the dielectric constants for both medinm and fee 
particles, and what to output (for certain application band freqnenoies fer both TM mode 
md TB modes}. As discussed previously, larger index of reftactioxi differ^cas tend to give 
rise to larger band gaps. To: test this, a system of fitaBia in air is used and fee results are 
shown in Figs, 34A-B and Fig# v 35A~B. The dielectric constants for titauium dioxide and air 
are 8.4 and 2 respectivdy. For each value of r/a (where r is the particle radius and a is the 
spacing), the band stracture S>r both TM and TE modes is shown. From these figures, it cm 
be seen that, M r/a « 0.225 , xmdtiple gaps are present m TM and TE modes. In fact for this 
particular system, there is a small band gap overlap, giving rise to a complete (but narrow) 
h&ndg&p at reduced frequencies between 0.866 to 0.87? as shown in Fig. 36. 

This is Bsed io determine the design, of a prototype colloidal system for control of 
waveletig&s in the Mecommiinicarion regime (1,55 jim)v The mid complete, gtp frequency is 
0,872; therefore 

^^i^_£_^ 872 (8) 
2m X 0.22SA 

leading to a particle radius of approximately 3 OCtom and an area fraction (ccmceBtration) of 
18*4%. if> instead, there is interest in manipulaliiig visiWe wavelengths using the same 
system, the absolute magnitudes of a and r now change. Assuming a wavelength of 500nm, a 
particle radius o f 9Snm will be reqmred at the same am* fraction. 
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Defect Structures 

Once a two-dnneasioBal photomc crystal of any lattice atracture Is created, the 
propagation of - : Ja^h*' i«- -c«ttiSoQeiaL ig^ExnisfcL. itbe- -^m&^^tec^icm of designed deiects. This zm be 
accomplished ferough a number of different meatis: 

Method A; Physical Elision- in this approach^ Ifie ceH oonfining the colloidal 
dispersion is designed m such a way that colloids are forbidden to propagate I&tou^i the 
wayegiiidiiig regions. Qm approach, to accompiisbmg this is to male forbidden regions 
tMnB^r than fee cdSoid di^tiieter, SeeEigs. for exampje. 

Method B : Selective Optical Tjagpisig, As previously dkcussed,. light caa be used to 
madpulate colloidal particle distribution, It is feasible to both order with electric fields and 
mampul ate eolloM location steltaaeQiisly with the application of a laser optical trap. This 
ability allows the creation of single spot or line defects rapidly and re^ersihly, effectively 
creating aiKl destroying waveguides or other defect strictures at will aud io . any region, 

Method C: Selective Application of Electric Fields, In a fashion sixoilar to that of 
I Method B> eketric fields may be used to create sMeetive defects. If different field strengths 
i are present in diSereiit cell regions, colloids will seek (depending on their dielectric constant 
\ relative to the fkdd in which they are dispersed), and order in, those regions of lower energy. 
The advantage here is that such varied fields can be applied rapidly and in airy manner 
allowing ^ of controlled defects m-ytM^^m^'etmS^^^ 

Lattice Stractures 

Thou^i the exaiBpie tere is focused m the use of monodispexse colloids to ferni 
tiiangular lattice staicftires, other related slru^totes can form band gaps either mom readily or 
over a broader range of conditions. 

Method A; Triangular Lattice. This lathee is itebated m Fig- 33 and shown in the 
experiments . of . Figs. 26A~Z> md Mgs/28A-XX Though it may s*ot be Urn ideal lattice for ail 
applications, it is readily formed and has been shown to exhibit bandgaps for systems with 
significant index of .re&action differenoes. 

Method B: Other Lattice Structures, ha addition to the triangular (or hexagonal) 
lattice, systems with otliar kttiee structures have teen shown to have sigaific&at band gaps. 
One exanrpie is tlie honeycomb lattice discussed by JoaMiopoulos and shown in Figs. 37A-C 
fii some coBfigurations, isotropic colloids, ami applied electric fields have been used to 
mvembiy create similar stmotores . 
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Particles 

Though, the calculations shown fee have hem done for homogeneous, spherical 
particles, some authors have proposed the use of Miqmogeneous particles. Specific 
examples inchide the use of spheres connected by rods* mixtures of Mg and Male spfeereS j mxd 
spheres with varying magnetic permeability. 

Method A: Spherical Particles. Used in the calculations presented, here, spherical 
particles ha^e been shown to produce a foaxidgap in systems with large index of refractioil 
diflerences. 

Method /B; Nonspherical/hihomogeneous Particles. Some theoretical studies 
discussed above have shown thai norispherica] or inhoiBogeneoiis particles may provide for 
significant photonic bandg&ps. The noted techniqne for the manipulation of colloidal 
particles can also ho used on such particles. 

Optical Filter! Bg/S witching 

The general idea of these studies is to take advantage of the ability of these ordered 
systems to diffiract light as already sftowu in Figs. Because the ability to tune both 

the size of the individual colloid as well as its cpneentratioB. exists (and associated lattice 
spacing upou application of the eleeMo ^ condition can be manipulated in a 

i^ersjfele manner*. Oilier studies have shown feat arrays of colloids can be used as hmd 
rejection filters, non-linear p&oiQuie crystals, thernio-oplica! switches, md diifractive 
eoix^osites, hi addition* wkm placed between crossed polarizers and WmmnM^wi&yMte 
light, ordered colloidal arrays have been, observed to difiract according to their orieixtalion 
relative to the incident light. The resulting bright colors observed can be well described by 
dwiami oal difBraction theory. 

One issue that mvst fee resolved for such switching : applicati ons is the time scales 
involved for the disorder-order transition. It has been observed that ordering for 3 micron 
polystyrene requires a couple of seconds. As much smaller particles and narro wer cells are 
used, one would expect that the oMeriBg will proceed more .rapidly because: particles will Dot 
have as far to diffuse and Stokes drag is proportional to the particle size (f- %ttjwv% 
Balancing this, however is the feet that particle polarizability is proportional to its volume 
squared leading to a weaker repulsion for smaller particles, A simple scaling analysis taking 
these factors info account plus knowledge tbst required ordering fields scale as B>*(^ % y*, 
leads to the result that "the. time required for ordering should scale as a "fox constat partble 
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concentrations, Tteefbre switching times on the order of miifeseeon^ ^r"ahtigtp^|g for 
su&meron particles wife the noted approach. 

One example application where moh swiMmxg times are sufficient and the WQnm or 
so length scale is appropriate would be in the use of electric field induced colloidal ordering 
for a simple display technology. The ability to change the Bragg conditio* by varying 
particle size and concentration within the confining cells is used. Cabined with white light 
these could be used to selectively diffract specific wavelengths, resulting in specific regions 
of particular color, Such an approach is quite similar to the colloidal crystal scattering and 
characterization seen in for static systems. Stacked layers between crossed polarizers can be 
used as a means of creating different colors or changing intensity (grayscale). One of the 
main advantages of such an approach is that expensive liquid crystalline materials would not 
be required, only inexpensive colloidal materials such as fitamum dioxide, which is used in 
paint 

Figs. 3 8A-C illustrates three approaches. 

Method A: Transmission Geometry with Polarized Light. An optical switch 160 is 
shown in Fig. 3SA- The switch 160 comprises a cell 162 that strictly constrains colloidal 
particles to two dimensional motion and has a struphire fisr applying an electrical field with a 
component that extends perpendicular to plane within which fee colloidal particles are 
constrained. Examples of such cells are shown in Tig. 24B and Fig. 3A. The switch further 
comprises first and second polarizers 1 62 A, B, which are crossed (i.e., at 90°) to one another. 
While the first and second polarizers 162A S B are shown as being on tire outside of the cell 
160, they could he located elsewhere, provided the colloidal particles are located between the 
polarizers . A structure facilitates the entry of light into the switch 160 by directing fight (e.g., 
lens, mirror, waveguide or other light directing element) and/dr situating the switch 160 so 
that light engages the switch 160 at an angle to the plane of the switch (e.g., 90% Typically, 
the light is white light. This method places the crystal between crossed polarizing filters 
illunfinatsd with white light. Upon application of the electrical field, the colloidal particles 
enter an ordered state and depolarization of the light occurs, such as that described by 
dynamical diffraction theory and specific wavelengths are allowed to pass through the switch 
or analyzer. This configuration Would appear black to the observer in the "off" state, i.e., 
when the electrical field is no longer applied to the switch, resulting in the colloidal particles 
entering an miordered state. 

Method B: Transmission Geometry with Unpolaxized Light Those who have seen a 
colloidal crystal (or an opal) illuminated by white light know that polarized light is not a 
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requkmmti for diffraction of different colors. To iiliistratl lfis, s Mei!^ 
Figs. 3SA-C My on <iiSxactxon of iiopolarised light Here, no polarizer is used and the 
observer is instead situated only to observe diffracted light produced by a diifetciion cell 170. 
Examples of smtable dif^actioa ceils are shown in Figs, 3 A and 24B, A structure facilitates 
the entry of light into the diffiacfor 170 by directing light (e.g., lens, imrror 3 waveguide or 
other ligM directing element) and/or situating the diffractor 170 so tfeM light engages the 
dif&aetor 170 at an angle to the pla&e of the diffiractor 170 (e.g., 9(f). Typically, the light is 
white light. Wfeea the electrical field is produced across the diffiractor 170, the colloidal 
particles enter an ordered state and the white light entering fee colloidal space is diffracted. 
Whetx the electrical field is removed, the white light passes through the diffractor 170. 
SwitoMxig; small crystals of different Bragg condition spaced close to one another can be used 
as a means of blending light to make different colors. These configriratlons would appear 
white to the observer in the '"off ■ state. 

Method C* Reflection Geometry. Possibly taking advantage of available ainMeixl 
light a reflection geometry can also he used and is most analogous to diffraction of white 
iigjit by an opal A reflection cell 180 is shown m Fig. 3€L Examples of suitable reflection 
cells are shown in Figs. 3 A and 24B, A structure facilitates engagement of the light with the 
reflection celt 180 by directing light (e,g~ . iens y \inim^r, wavegnide,. etc.) and/or situating the 
cell 180 so that the cell I SO receives light at an angle to the cell that is suitable for refleciion. 
When the electrical field is produced, across the cell ISO, the colloidal particles enter an 
ordered state that reflects light that is at at least oiie fr^Beney, When the electrical field is 
removed, the colloidal particles .enter an unordered state that prevents reflection. 

Cell Fabrication Techniques 

Fabrication of the devices is achieved with techniques that allow the preparation of 
two-dimenaonai cells narrow enough to allow the confiBenient of small coEoidal particles. 
In particular, ^combination of traditional silicon -processing f whoiqpes, nanofihn deposition 
and novel soft lithography methods is einployed to fabricate custom nanoelectrica! 
confeement cells that serve as the basis of waveguides and optical switches. These ceils, 
while conceptually si$riple y are funehoiially elegant and can be fabricated very rapidly, 
allowing for designs to he created and tested with great efficiency. 

Currently, inicrofluidie systems are assembled nsmg a iBeihodology -coined *%apid 
prototyping^ Using standard photohthogr^hy techniques, a pattern is produced on silicon 
or silicon; dioxide substrates in thick SU-S photoresist Following the photolithogr^hy step, 
the pattern is then used directly as a faster" to produce positive relief replicas in 
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poJydnMthylsile»tane (PDMS), an optically tran^arrf'dtetfoifie^' W is^t^imple^ 
mieroflaidic device created by tfae fa^id prototypixig process for the purpose of examining the 
adhesion and growtli of biofums in aqueous environments under varying flow conditions. 
Features of any depth torn tens of nanometers to hundreds o f microns may be created by this 
process and change] widths are constrained only by the limitations of photolifeography, 
which now stand at less than a single micron. Precise engineering of micro! luidie networks 
easily allow for extreme control over feirxtoiiter qumtities of fluids and will be employed to 
interface with and deliver nanopsrticle suspensions to fee photonic switching cells and optical 
devices. The details of the rapid prototyping process that is employed are discussed below. 

Photolithography: Templates of microchannels (pChs) and mioromndie networks 
(fiFHs) are created lithographically wife ultraviolet (UV) light by transposing fee pattern of a 
shadow mask to a UV sensitive negative photoresist. The patterns are subsequently 
developed in an appropriate solution, leaving only fee negative relief of the desired pattern, 
which may be used directly as a PDMS master ox etched to produce a pemanent master. If 
used directly to create PDMS replicas, photoresist films may be prepared with feiekness from 
25 ran to 250^, thus providing a wide range of accessible sizes and aspect ratios. Except for 
situations in which extremely thin films are required, a SO-8 series negative photoresist 
(MicroChem Corp., Newton, MA) is employed, which is capable of producing ragged 
patterns with high aspect ratios feat can be directly cast into PDMS replicas and reused many 
times. 

Reactive Ion Etching (RIE): Reactive ion etching (RIE), commonly referred to as 
glow discharge or plasma etching, is employed to create permanent masters in siheon wafers. 
RIE is favored over wet etching techniques for many applications because it provides pChs 
of variable and quite Mgh aspect ratios wife relatively straight walls and rapid etch rates. Due 
to the isotropic nature of wet etching wife hydrofluoric acid (HF), fee maximum possible 
aspect ratio (channel depth divided by width) is 0.5. RIE is typically used only to create 
pemianent masters as it considerably comi>ounds fee overall fabrication time. 

Soft Lithography: PDMS replicas are created using a commercially available two- 
component kit (Syigard 1 84 Kit, Dow Corning). A nnxiure of elastomer and curing agent are 
poured over fee silicon master and cored under vacuum to degas the elastomer solution. 
PDMS makes an ideal candidate for p.PH production because it can be cured qoite rapidly, 
patterns are faifefully reproduced, even on the nanoscale and fee process can be conducted in 
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a Bon-clean room eimronoaenl ^rttomiorfe, ike design m^f^ncaSW ot "jlF^g^iS&tes 
increasingly flexible as masters may be M>rieated wMiixicreasiiigly complex designs. 

Cured ?DMS replicas . are peeled from fee mastar, lewing a clean ? reusable template. 
The replica, is. finally placed in aonfomial contact with either a glass slide or PDMS flat 
Ibrmiag a tight reversible seal and enclosing channels capable of esmveying Sniefs* PDMS is 
natively hydrophobic., but can be easily modified to create a hydtopMHc surface through brief 
exposure to an oxygen plasma, Replica films as thin as Iji may also be created by spin 
coating PDMS onto a silicon master, Such films may be patterned to be nsed as soft 
components siicli as micro gaskets, seals and spacers for mifitiievei functional devices. 
Thicker films {> 40^) niay he removed from the substrate arid used as shadow masks : for the 
deposition of metal features, such as electrodes, onto other replicas or a wet etching masfc 
the patterning of conducting tin oxides (CTOs). Also recently developed is a nncrofMdio 
network concept that is capable of aeces$iag .the z-ditaension. through, the stacking of multiple 
thin PDMS films. WMie PDMS films cannot be fabricated ttilnly enough to be used as the 
active region in the photonic switching devices, its optical transparency and excellent sealing 
properties fecilitate its application as a simple m& convenient means of fMdic introduction, 
and control 

Flasma Enhanced Chemical Vapor Deposition (PECVDJ: The necessity of applying 
an electric field perpendicular to the two dimensional plane in which the colloidal 
nanoparticles reside requires that both faces of the confining cell be conductive. This 
.s%ukt£on is yet mother reason why PDMS may not be used as the active region in the 
photonic switches md devices. Therefore, inditmi tin oxide (ITO) coated microscope slides 
and cover slips separated by a thin polymer layer deposited by PECVD and patterned by 
liftoff axe nsed, FEC¥D is a slight modification of RIB and is ? in feet performed in the same 
piece of equipment. By loweiing the iluoritie-t^catbon. ratio in the etch gas while adding 
hydrogen, one may cross the boundary which divides the etching and polymerization 
regimes. This, txming of the etch gas composition allows for flnompolymer films to he 
rapidly deposited on snbstrates as opposed to the etching of that substrate. This technique is 
used to deposit films of readily controllable thickness greater than 1 0 bxil 

These PECVD grown films may also be patterned by one of two methods. The first 
technique, liftoff; is applicable for polymer fites less tlian 1 |tm (the maximnm tiiictaiess for 
the positive photoreisist). Typically used for the patterning of metals deposited by 
evaporation, liftoff is performed by first patterning positive photoresist on the substrate 
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surface and tte> performing deposition. In the case of SEft^* 

be. grown upon the substrate smfaee as well as the predeposited and paiterned photoresist. 
After deposition is completed, the substrate is iimnersed in an appropriate solvent for the 
photoresist, such as acetone, wMzk strips or -lifts off 5 both the piiotoresist and its polymer 
coating, leaving omy the Mm on the originally exposed portion of the substrate. A seeonC 
siiniiar method for patterning PECVB grown films uses PDMS as the "mask" instead of 
photoresist, aad can. therefore be used for films of any thickness. This method requires fimt a 
PDMS mask be prepared by soft Mtbograpby and placed upon the substrate before deposition. 
After the polymer film has been grown, the PDMS mmk is siiaply peejeci off; leaving a film 
of the d esired pattern. 

Cell Assembly: Once FECVD grown polymer film spacers have been patterned onto 
an ITO coated slide, the eel is completed by placing ano&er slide on top and applying 
pressure with two small clips. This meibod, while simple, provides a tight seal and renders 
the celts reusable. Finally, a FDMS microfluidic netwoii eonpled to both a nanopartiele 
suspension containing syringe pmxsp and a nitrogerj supply is placed in coiiibrmal eontaet at 
the edge of the juncture between the two slides to eoixtrol the .introduction of fluid to the cell. 

The fabrication method described above will allow for the rapid assembly of 
confinement cells with naaoscale s^arations. that .are reqini-ed. for the large scale repidsiYe, 
reversible ordering of BaaopariMes, To fashion toe two-dimensional crystalline arrays into 
fimctionai waveguiding. or optical switching devices, specific defects must he introduced to 
the crystal straefere. This reqiiirement will be easily met with the range of existing 
processing teclmiques. Specifically, PEGVD and liftoff are employed to d^osit and pattern 
polymer features, this time upon the top slide of the cell By tuning the itedoiess of the 
features on the top slide of the cell to he one half to one third the thickness of the spacer film 
on the lower slide, regions are created wMere particles are exclMed,. yet light may still 
propagate through the suspension medirmi, be it air or some safest This approach would 
require thp coupling of optic fiber into the cell via a focnslug device, such as a near-fieM 
scanning optical microscopy C^SOM) tip. An alternate approach, which is preferred for 
rBdimeBtary studies, uses a patterned polymer photoresist as both the waveguide (via 
total internal reflection (Tffi)) as well as fee particle exclusion harrier. For angles greater 
fliaa those required for TIR, the bandgap created by the ordered particles at the interface 
would bead the ligfct tlmmgh the waveguide. This cell configuration is also shown hi 
Figs. 40A-C and Figs. 41A-B and is complementary to the colloidal behavior predicted ill 
Figs. 32A-a The exemplary cell includes a bottom slide 210 with a spacer 212, a top slide 
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214 with a patterned waveguide or blocking element ^T^i!i|%. B^fS ^coltml St^orOTS, 
Willi refermc© to Fig. 41 A 5 the waveguide 216 extends from the bottom slide 210 to the top 
slide 212. in Mg, 418, the waveguide 216 extends from fee top slide 212 towards the bottom 
slide 210. In either casev the waveguide prevents colloidal particles from entering a space 
between the slides Ihramgh which light will propagate when the cell is in Hse, As previously 
noted, the cell is capable- of being adapted so that electrical fields, magnetic fields and 
electtomagnetio fields can be applied to place the colloids in an ordered state. 
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What is Cl aimed Is ; 

I ., A microfltiidic structure comprising; 

a structure defonng m Input structure for receiving a microfluidic stream, an -output 
structure for traaisiBittiiig a maeroiMdic stream, and a space betwe&u said input stricture and 
said output stmctare; 

a colloidal structure located m said space feefasreen said input structure and said output 
structure; and 

means for applying a field to said colloidal structure to manipulate a mierofimdic 
stream between said input port and said output port. 

2; A micmfluidic structure, as clamed in claiml? wherein: 

said colloidal structure comprises a first colloidal particle that is fixedly located at a 
first location within said space and not directly between said input stracture and said output 
structure, a second colloidal particle that is fixedly located at a second location within said 
space mid not directly between said input simcture and said output structure; arid a third 
colloidal particle that is movable between an UDoloddng location that allows a miemfluidic 
stream to flow between said input structure and said output structure and a blocking, location 
that prevents a mkrofltudic stream from flowing between said input structure and said output 
s&ucture. 

3 , A microflxiidic structure, as claimed m claim 2 ; wherein; 

said means for applying a field comprises a first pair of electrodes far use in 
produeiug an electrical field across said first colloidal particle that repels said third colloidal 
particle and a second pair of electrodes ibr use in producing an electrical field across said 
second eoiioidal particle that .repels: said third colloidal particle, 

4> A microfluidic structure, as. claimed in claim 2, wherein: 

said structure includes a limit structure fox preventing said third colloidal particle 
ftom contacting at least one of said first and second colloidal par&eles. 

5, A microfiuidic structure, as claimed in claim 2, wherein:: 

said input structure comprises only one input port. 

& A McroiXuidie structure, as claimed in claim 5, wherein: 

said output structure comprises only one output port 

7, A tmomSuidic stmeture» as claimed in claim 5, wherein: 

said output strncture comprises, more than one output port, 

8- A microfluidic stmeture, as claimed in claim 2 ? "wherein: 

said input stmetnre coir^rises more than one input port 
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9> A imcrofluidio structure as cMnied in cilM3/\^erein: 
said output staetae comprises only one- output port, 
10, A ?nicxofeiitiie structure, as claimed m claira % wherein: 
said output structure comprises more than, one output port. 
1 1 * A mierofiuidic stnicture, as claimed in claim 1 , wherein : 
said colloidal sfcmetee. inclndas a charged colloidal particle, 

12. A niicrofluidic structure,, as clawed in claim 1% wherein: 

said means for applying a field compmm a first electrode and a second electrode for 
use in moving said charged colloidal particle between an location, that allows a 

BikxofiuMfc flow between said input structure and said output structure and a Mocking 
location that prevents a micjofluidlc flow between said input structure and said output 
structure by electrophoresis-. 

13. A loicroflm di c stmctuxe, as cteiroed in claim 12, wherein; 

said input structure comprises one of the following: only one input port and multiple 
input ports. 

14; A micmfluidic structure, as claimed in claim. 13> wherein; 
said output structure comprises one of the following: only one output pott m& 
m ultipte output ports < 

1 5. A mierofiuidic structure, as claimed in claim 1 9 wherein: 

said colloidal structure includes a colloidal particle in which a magnetic dipole will be 
induced by the application of a magnetic field.. 

1 6. A microfluidic structure* as claimed in claim 1 5* wherein: 

said means for applying a field comprises means for applying a. niagaetic field to 
mmz said colloidal particle between an -unblocfeing location that allows a microfluidic flow 
between said input structure and said output stnictee and a hloefcing location that prevents a 
microfluidic flow between aaid iiiput stmctm^ mid said; oiifput strooture by electrophoresis. 

17. A microfluidic st&tct&re^ as claimed in claim M 3 wherein: 

said input structure comprises one of the following: only one input port and multiple 
input ports, 

18. A microSuidic straetui^ as claimed in claim 17, wherein; 

said output structure comprises one of the following; only one output port and 
multiple output ports, 

19* A microSuidic structure, as claimed in olmxn ..13* wlwein: 
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said means for applying a field comprises mmMl&r prooucirig an opic'aflra^'to 
move a colloidal particle between an ussblockiag location that allows a microfltiidic flow 
between said input structure and said output structure and a blocking location that prevents a 
mieronuidic flow between said mpui stmctnre and said output structure by electrophoresis, 

20. A microfluidic sinictiire. as claimed in claim 19, wherein- 
said input structure comprises one of the following: only one input port and multiple 

input ports. 

21. A microfimdic structoe, as claimedln claim 20, wherein: 

said output structure comprises one of the following: only one output port and 
multiple output ports. 

22. A microfluidic structure, as claimed In claim 1 , wherein: 
said input structure lies in a first plane; 

said output structure lies in a second plane that: is substantially parallel to and 
separated from said first plane; 

said space comprises a communication path extending between said input structure 
and said output strueture; 

said colloidal structure comprises a colloidal particle. 

23 . A microfluidic sfiucrare, as claimed m claim 22, wherein: 

said means for applying a field comprise means for applying one of the following: 
an electric field, a magnetic field, and an optical trap, 

24, A microfluidic structure, as claimed in claim 1 , wherein- 
said colloidal structure comprises a string of colloidal particles having a first end that 

is operatively attached to said sfcructe© and a second fee© end that is capable of rotating about 
said first end. 

25. A microfluidic strueture, as claimed in claim 1 , wherein- 
said space comprises a closed loop with a first portion of said closed loop extending 

along a portion of a straight line extending between said input structure and said output 
structure and a second portion that does not extend along a straight line between said input 
structure and said output structure. 

26, A microfluidic structure, as claimed in claim 25, wherein- 
said closed loop has awidththat is greater than awidth of saidoutpnt shnemre. 

27. A microfluidic structure, as claimed in claim 25. wherein: 

said colloidal structure comprises multiple colloidal particles, each located in said 
closed loop. 
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2S. A microfliiidk stracmre, as claimed in claim Id, whSeih: 
said colloidal structure cotBprises four colloidal particles* each located in said, closed 

loop. 

29, A: microfiuidic: structure, as claimed in. claim 25> wherein: 

said means for applying a field corupiises nieans for applying one of the following: 
an electric fidd ? a magnetic field, and art optical trap. 

30. A tnicroflm^ic sfmictiire, as cMnied in claim I, wherein: 
said colloidal structure comprises a string of coiloidal particles. 
3 L A microflmdic structure,: as claimed in. claim 30, wherein: 

said means fbr appiyitig a field includes means for applying one of the following: an 
electric field:, a magnetic field, and an optica! trap. 

32. A microfluidie structure, m claimed in claim 1 ? further comprising: 

a rotatahle vane structure ha^ a first arm extending &m said hnb ? and a 

second arm extending from said huh, said rotatahle vane structure located within said space, 

33. A mierofiuidie structure, as claimed in claim 32, wherein: 

said coil oidat struck comprises a colloidal particle operalively attached to one of 
said first and second arms of said rotatahie vane, 

34. A miGroflmdic structure, as claiined in claim 32, wherein: 

said means for applying a field comprises pairs of electrodes for producing m 
electrical field that causes said colloidal partiole tOriiiove by eiectrophoresis: 

3 5; A microftoidic structure, as claimed in claim 32, wherein; 

said colloidal structure comprises a plurality of colloidal particles fixedly located in 
said structure adjacent to said roiaiaMe va&e, 

36* A niicrofliiidic structure, as claimed in claim 32 s wherein: 

said means for applying a field C0mprises means a^ljdng one of following: 
an electrio field, a magnetic field, and an optical trap. 

37,. A iBicroSuidic structure, as claimed in claim 1, wherein: 

said colloidal structure comprises a first pair of colloidal particles for f arming a first 
lobe and a second pair of colloidal particles for forming a second lobe, 

38. A mkrofloidie structure, as claimed in claim 1 ? wherein: 

said means for spplyiiig a field comprises an optical trap luechanisro for use in 
causing said first lobe to rotate in a clockwise direction and said second lobe to rotate in a 
counter-clockwise direction 

39. A photonic stmctere comprising: 
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a structure for cotifitdiig a plurality of colloidaf policies ikt camprises a first plate 
and a second plate that is substantially parallel to said first plate ami separated &om said first 
plate by a distance that substantially constrains oolloi between said first 

and second plates to two-dimendoBal motion; 

a plurality of oolloidal policies located, between said first and second plates; 

means for applying a first electrical field to said plurality of colloidal particles,, said 
first electriaal field comprising a component that is normal to said first and second plates; and 

means for facilitating the totJ^-of2-^. : iistQ- a space located between said first and 
second plates, 

40. A photonic structure, as claimed in claim 39, fiirfirer comprising: 

meaxiB for preventing said plurality of colloidal particles from occupying a 
prMetenmiied space between said first and second plates that defines a propagation path for a 
light signal that is propagating in a direction that is substantially parallel to said first and 
second plates. 

41 . A photonic structure^ as claimed k claim 40, wkeretn: 

said means for preventing comprises a wall that is located between said .first, and 
second plates and defines said predetermined space by preventing any of said plurality of 
colloidal particles ftom existing in a space between said first and second plates that is at least 
partially occupied by said wall, 

42. A photonic structure, as claimed in claim 41, wherein: 
said wall extends from said first plate towards said second plate, 

43. A photonic structure, as ciaimed in claim 40, wherein: 

said means for preventing includes means for producing an optical trap tbat. delbes 
said predetermined space. 

44. A photonic structure, as claimed in claim 40,. wherein: 

said means fox presenting comprises means for applying a second electrical field that 
extends between said first and second plates and has a greater niagnitade than said first 
electrical field, 

45. A photonic structure, as claimed in claim 39, wherein: 

said means for directing comprises means for directing light in a direction that has a 
competent that is normal to a plane oecripiea by one of said first and second plates. 

46. A photonic stmeture, as claimed in claim 45, wherein:: 

said first plate comprises first polarizing filter and said second plate comprises a 
second polarizing filter that is substantially perpendicular to said first polarising filter, 
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47 . A photonic structure comprisiBg: 

a Btracture for confining a plurality of colloidal particles that comprises a ..first plate, a 
second plate that is substantially parallel to said first plate mid separated from said first plate 
by a distance tfeat substantially constrains oolloidal particles located between said first and 
second plates to. two-dimeBsional ipolioa,; : and a tMrd plate that is substantially parallel to said 
second plate and separated from said second plate by a distance that substantially constrains 1 
colloidal particles located between said second and tiird plates to two dimensional motion: 

a . first plurality of colloidal particite located between said first and second plates of 
said stmcture; 

a second plurality of colloidal particles located between said second and third plates 
of said structure; 

first means for applying a first electrical field that extends between said first and 
second plates; 

second means for applying & second electrical, field that extends between said second 
and third plates; 

means for facilitating the engagement of light witb said slructuie so that the light has 
a component feat is normal to a plane oc^npled by one of said first second and third plates, 

48, A photonic stmoture, as. claimed in claim 47 f wh&min: 

said first plate comprises a first polarising filter, ssdd second plate comprises a second 
palad^hig filter that is substantially ; peipandkiilar to said first polarising filter, and said third 
plates comprises a third polarizing filer that is substantially perpendicular to said second 
polarising filter. 
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